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A  NEW  PRECISION  COLORIMETER 


By  P.  G.  Nuttmg 


It  is  well  known  that  any  color  may  be  analyzed  and  specified 
ineitherof  two  different  ways:  (i)  In  terms  of  three  primary  com- 
ponents, red,  green,  and  blue  (trichromatic  analysis);  or  (2)  in 
terms  of  wave  length  of  dominant  hue  or  its  complementary  and 
per  cent  white  (monochromatic  analysis) .  In  mathematical  terms, 
the  coldr  point  may  be  located  by  either  trilinear  or  by  polar  coor- 
dinates. Of  the  three  elements  of  color;  hue,  tone,  and  luminosity, 
hue  and  tone  are  determined  with  a  colorimeter,  luminosity  with  a 
photometer  or  a  photometric  part  of  the  colorimeter. 

Colors  to  be  analyzed  consist  of  light  either  emitted  from  some 
source,  transmitted  through  some  selective  screen,  or  reflected  from 
some  mat  or  semi-mat  surface.  Any  of  these  colors  to  be  analyzed 
may  be  either  spectral  or  purple,  according  to  whether  or  not  its 
dominant  hue  lies  in  the  visible  spectrum.  Any  analyzing  colorim- 
eter must  then  be  applicable  to  emitted,  transmitted,  or  reflected 
light  of  either  spectral  or  purple  dominant  hue. 

A  trichromatic  analyzer,  the  Ives*  colorimeter,  has  been  in 
successful  use  for  several  years.  A  monochromatic  method  of 
analysis  was  devised  and  used  by  Abney '  in  a  laboratory  inves- 
tigation as  early  as  1890.  The  colorimeter  here  described  is 
a  monochromatic  analyzer  and  was  designed  to  be  a  practical 
working  instrument  of  wide,  range,  high  precision,  and  of  great 
simplicity. 

>  p.  B.  Ives:  J.  Franklin  Inst.,  164,  pp.  421-423;  1907. 

*  W.  de  W.  Abney:  Color  Measurements  and  Mixtures,  1891.  pp.  x62-x66. 
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The  advantage  of  monochromatic  analysis  lies  in  the  elimina- 
tion of  the  arbitrary  reference  standards  (red,  green,  and  blue), 
readings  being  given  directly  in  wave  length  and  per  cent  white. 
Both  methods  involve  the  definition  and  adoption  of  some  standard 
of  white.  The  trichromatic  method  may  be  used  for  either  spectral 
or  purple  hues  indifferently ;  the  use  of  the  monochromatic  method 
involves  an  interchange  of  two  sotu'ces  or  arms  in  passing  from 
spectral  to  purple  hues.  Both  methods  give  readings  varying 
somewhat  with  the  observer,  involving,  in  some  cases,  correction 
to  the  absolute  color  scale  based  on  the  average  oroperties  of  a 
number  of  normal  eyes. 

The  new  colorimeter  is  so  arranged  that  light  of  a  pure  spectral 
hue  may  be  mixed  with  white  light  to  match  the  unknown ;  or,  in 
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Fig.  1. — Optical  diagram  of  precision  colorimeter 

the  case  of  purples,  it  is  mixed  with  the  tmknown  to  match  white. 
The  match  is  made  with  a  photometer  cube. 

Fig.  I  is  a  diagram  of  the  optical  parts  of  the  instrument. 
Collimator  i  is  movable;  all  the  remaining  parts  are  fixed.  Colli- 
mators I  and  4  with  prism  P  form  an  ordinary  spectroscope  with 
pinhole  ocular.  The  white  and  the  tmknown  lights  enter  through 
collimators  2  and  3,  in  direct  or  in  inverse  order,  according  as  the 
match  is  to  be  made  with  the  dominant  hue  or  its  complementary. 
In  analyzing  reflected  Ught  the  necessary  collimator  is  raised  or 
rotated  or  even  removed  entirely  if  simlight  is  used. 


Fig.  2.— Precision  colorimeler 
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Wave  lengths  are  varied  simply  by  rotation  of  collimator  i. 
Intensities  may  be  varied  by  (i)  varying  slit  widths,  (2)  rotating 
sectors,  or  (3)  by  rotating  one  of  a  pair  of  nicols  placed  just  inside 
each  slit.  The  colorimeter  now  in  use  is  provided  with  a  bilateral 
slit  on  the  first  collimator  while  collimators  2  and  3  are  provided 
with  pairs  of  nicols. 

After  a  match  has  been  sectured,  the  wave  length  of  the  domi- 
nant hue  is  either  read  from  the  position  of  collimator  i  or  is  deter- 
mined by  throwing  in  a  small  hand  spectroscope  before  the  pinhole 
octilar  of  4. 

Intensities  are  determine  by  interposing  between  collimator  4 
and  photometer  cube  C,  a  white  180®  (Whitman)  rotating  disk 
illuminated  by  a  standard  lamp.  This  gives  the  intensity  in 
meter  candles  of  each  of  the  three  component  beams  separately. 
Instead  of  this  flicker  photometer  arrangement,  a  simple  equality 
of  brightness  photometer  may  be  used  to  determine  the  relative 
brightness  of  any  two  beams.  To  intercompare  beams  i  and  2, 
for  example,  the  top  half  of  the  objective  of  collimator  i  is  covered 
with  a  black  card  and  the  lower  half  of  2  and  then  the  width  of 
slit  I  is  varied  until  equality  of  brightness  is  seciured.  This  slit 
width,  compared  with  the  origixial  width  used  to  secture  a  color 
match,  gives  the  relative  intensities  of  the  two  beams. 

An  experimental  colorimeter  of  the  type  above  described  was 
assembled  at  the  Btu'eau  of  Standards  in  the  early  spring  of  191 1 
and  given  a  thorough  test.  Later,  special  optical  parts  were 
ordered  from  Fuess  and  the  instrument  constructed  in  the  Btu'eau 
shops.  This  new  instnmient  has  been  in  constant  use  at  the 
Bureau  since  the  first  of  January,  191 2,  in  routine  tests  and 
special  research  work.  A  patent  dedicated  to  the  public  has  been 
granted. 

Several  sets  of  data  are  given  below  to  show  the  sensibility  of 
the  instrument  and  the  systematic  errors  to  which  its  readings  are 
subject.  The  first  set  was  on  a  piece  of  the  cover  of  this  buUetin, 
a  dull  greenish  gray,  a  fairly  difficult  test  as  regards  wave  length 
of  dominant  hue  and  per  cent  white  but  with  reflecting  power 
(liuninosity)  easily  determinable.  The  second  set  was  taken  on  a 
card  colored  a  nearly  spectral  orange  sent  in  as  a  secondary 
standard  for  test.  On  this  the  wave-length  determination  could 
be  made  with  ease  while  the  per  cent  white  and  reflecting  power 
were  difficult.  The  data  is  given  as  taken,  no  observations  being 
rejected.     Both  observers  have  normal  trichromatic  vision.     One 
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observer  (J)  has  a  wave-length  sensibility  curve  closely  approxi- 
mating that  of  the  average  eye,  while  the  other  observer  (N)  is 
abnormally  sensitive  to  both  quality  and  quantity  of  light  in  the 
yellow-orange  region. 

The  sensibility  is,  of  course,  that  of  the  observer's  eye  in  each 
case,  since  the  known  and  imknown  fields  are  viewed  side  by  side 
without  a  dividing  line.  The  uncertainty  in  the  wave  length  of 
the  dominant  hue  is  about  i  or  2  fifi  except  in  the  extreme  red  and 
and  violet  and  for  colors  of  very  nearly  a  neutral  gray  or  very 
dark  shades. 

TABLE  I 
Greenish  Gray,  Bulletin  Cover 


Per  cent  white 

Reflectim  power 

N 

J 

N 

J 

N 

J 

574 
569 
571 
568 
568 

571 
572 
570 
571 
568 

60 
65 
65 
65 
76 

62 
69 
70 
67 
62 

0.25 
.27 
.26 
.28 
.27 

0.23 
.28 
.23 
.28 
.24 

570 

570 

66 

66 

.26 

.25 

TABLE  n 
Mat  Orange,  Nearly  Spectral 


Domtnitit  hve  (in  /i/t) 

Per  cent  white 

Reflecthic  power 

N 

J 

N 

J 

N 

J 

600 
600 
600 
599 
600 

599 
598 
596 
598 
599 

28* 

26 

26 

22 

23 

23 
24 
29 
22 
24 

0.56 
.59 
.53 
.66 
.55 

0.40 
.38 
.36 
.38 

.38 

600                             598 

25 

24 

.58 

.38 

Complete  color  analyses  of  a  few  familiar  and  fairly  definite 
colors  are  given  in  the  following  tables  by  way  of  illustration. 
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TABLE  m 


Source 


Blue  sky 

Cloodyaky 

Hainiiff  fluno 

Cnten  lamp  (3.1  W). . 

Acetj^ene 

Tunfiten  (1.25  W) 

Nemat  (0.8  amp) 

ICoore  tube  (COs) 

HeBnmtabe .t. 

ICatcoiy  tuba 

If aon  tuba. 


Trichromatic  analyaia 


Red 


23.8 
31.6 
52.0 
48.3 
46.1 
44.9 
46.2 
28.3 


Oraan 


27.2 
33.9 
38.8 
40.4 
40.5 
41.1 
40.7 
31.0 


TABLE  IV 


Percent 
blue 


49.0 
34.5 
9.2 
11.3 
13.5 
14.0 
14.1 
40.7 


Monodminatlc  analyaia 


Dominant 
hoe  (in  |i/t) 


473 


591 
482 
616 


Impurity 

(percent 

white) 


73 


589 

34 

582 

36 

587 

37 

586 

35 

33 
55 

11 


Materiala. 


Monochromatic  analyato 


Sulphur 

Cock 

Dandelion 

Tobacco  leaf  (medium) 

Chocolate 

Butter.light 

Butter*  dark 

Navy  blue  (U.S.) 

Paria  green. 

Manila  paper  (about) . . 

Copper 

Braaa,light 

Braaa,dark 

Gold,  medium 


D<nninant 
hue  (in  jtn) 


571 
586 
580 
597 
595 
580 
580 
472 
511 
582 
597 
575 
583 
591 


Impurity 

(percent 

white) 


46 
56 
9 
65 
70 
45 
28 
90 
56 
65 
70 
60 
61 
44 


Reflectini 
coefflcieni 


0.80 
.26 


.14 
.05 


.64 

.019 

.386 

.57 

.23 

.32 

.28 

.21 


The  author  is  indebted  to  Mr.  Lloyd  Jones  for  making  nearly 
all  of  the  above  determinations. 
Washington,  July  25,  191 2. 


' 


INSTRUMENTS  AND  METHODS  USED  IN  RADIOMETRY— II 


By  W.  W.  Coblentz 


CONTENTS 

I.  Introduction 7 

II.  Thb  Radiomicrombtbr 8 

III.   ThB  ThBRMOPILB 12 

I.  Brief  description  of  thermopiles  of  recent  construction la 

a.  Construction  of  a  bismuth-silver  thermopile. 

(c)  Linear  thermopiles 15 

(6)  Stuf ace  thermopiles 22 

(c)  Thermopile-galvanometer  sensitivity  testing  device 33 

IV.  Thb  BolomSTBr  with  its  Auxiuary  Gai«vanomSTBr 34 

1.  Historical  summary 34 

2.  The  construction  of  sensitive  bolometers 37 

3.  Comparison  of  sensitiveness  of  various  bolometer-galvanometer 

combinations 38 

4.  Construction  of  a  vacuum  bolometer 39 

5.  Electric  batteries  for  bolometers 43 

6.  Radiation  sensitivity  of  different  parts  of  a  bolometer  strip 44 

V.  Sblbctivb  Radiombtbrs 45 

VI.  A  New  Form  of  Radiombtbr 47 

VII.  Summary 48 

Note  I.  The  Caixendar  Radiobalance 51 

Appendix  1 56 

The  Auxiliary  Galvanometer 56 

(a)  Sensitiveness  of  galvanometer 58 

(6)  Proportionality  of  galvanometer  deflectioiis 59 

(c)  Magnetic  shielding 60 

I.  INTRODUCTION 

In  the  present  paper  an  attempt  is  made  to  give  the  latest 
attainments  in  the  construction  of  instruments  used  in  measuring 
spectral  radiation.  In  a  future  paper  it  is  purposed  to  give  an 
account  of  an  intercomparison  of  various  types  of  radiometers 

used  in  measuring  tmdispersed  ("total")  radiation,  including  the 
determination  of  the  same  in  absolute  measure. 
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The  arrangement  of  the  subject  matter  follows  closely  the  out- 
line of  a  previous  *  paper  on  this  subject,  to  which  reference  must 
be  made  for  more  complete  information  on  certain  topics. 

The  word  **  radiometer  "  will  be  used  instead  of  the  more  clumsy 
expression  **  radiation  meter,*'  in  speaking  of  these  instruments  in 
general,  and  to  avoid  confusion  with  the  ** Nichols  radiometer" 
the  latter  will  be  distinguished  by  the  use  of  the  inventor's  name. 

To  the  familiar  question  **What  instrument  should  I  use?'*  the 
reply  may  be  made  that  it  is  not  always  an  easy  matter  to  decide 
in  the  beginning  of  a  new  investigation  which  type  of  instrument 
will  prove  the  most  satisfactory.  For  work  requiring  the  highest 
attainable  precision  with  a  great  deal  of  routine  observation, 
extending  over  a  long  period,  the  writer  has  adopted  the  vacuum 
bolometer  because  of  its  quickness  of  action  and  because  of  the 
wide  range  of  variation  and  ease  of  testing  its  sensitivity.  But  the 
instrument  is  very  elaborate  and  requires  very  careful  handling. 
In  many  researches  where  the  actual  time  constuned  in  observa- 
tion is  a  matter  of  only  a  few  weeks  a  radiomicrometer  or  ther- 
mopile would  be  sufficiently  accurate,  and  would  require  less  atten- 
tion. The  writer  has  both  a  vacuiun  bolometer  and  a  thermopile 
in  working  order,  and  uses  them  with  the  same  galvanometer. 

n.  THE  RADIOMICROMETER 

Within  the  past  two  years  the  radiomicrometer  has  come  rapidly 
to  the  front  as  a  competitor  with  the  other  types  of  radiometers, 
such  as  the  Nichols  radiometer,  the  thermopile,  and  the  bolometer. 
The  fact  that  it  is  not  sensitive  to  magnetic  disturbances  makes 
this  a  very  useful  instrument  deserving  a  more  general  adoption. 

F6y '  has  recently  described  a  radiomicrometer  consisting  of  a 
loop  of  copi>er  joined  at  the  bottom  by  means  of  a  short  wire  of 
constantan.  The  two  jtmctions  were  placed  at  the  same  height, 
side  by  side,  and  covered  with  strips  of  silver  6  by  1 2  by  0.3  mm. 
The  strips  of  silver  were  polished  on  the  rear  and  blackened  with 
platinum  black  on  the  front.  For  a  candle  and  scale  at  i  m  the 
deflection  was  23  cm. 

1  This  Btilkdn  4,  p.  391:  1908. 

>  P^:  BuU.  Seances  Soc.  Franc,  de  Pbys.,  p.  148;  1908. 
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One  of  the  most  noteworthy  radiomicrometers  described  recently 
is  the  one  constructed  by  Schmidt'  in  the  laboratory  of  Prof. 
Rubens,  and  it  has  since  been  used  by  the  latter  and  his  collabo- 
rators in  exploring  the  region  of  longest  heat  waves  yet  measiwed. 
The  suspended  system  of  Bi-Sb,  as  made  by  Schmidt,  is  practically 
the  same  as  was  previously  described.*  Instead  of  a  glass  rod  at 
the  top  he  used  one  of  alumimnn,  50  mm  long  and  0.5  mm  diam- 
eter, and  a  mirror  4 'mm  diameter.  The  deflection  on  a  13  to  14 
second  period,  without  the  concentrating  fimnel,  was  20  cm,  for  a 
stearin  candle  at  i  m  and  a  scale  at  2.5  m,  which  is  equivalent  to 
8-cm  deflection  for  a  candle  and  scale  at  i  m. 

Hollnagel  *  fotmd  that  the  instrument  was  subject  to  irregular 
deflections  caused  by  air  currents,  the  adiabatic  expansions  and 
compressions  causing  temperature  variations  in  the  thermojunc- 
tions.  He  therefore  modified  this  instrument  and  placed  it  in  a 
vacuum. 

Using  the  conical  receiver,  Rubens  and  Hollnagel  *  observed  a 
deflection  of  10  cm  for  a  candle  at  6  m  and  scale  at  3  m,  for  a  single 
swing  of  10  seconds.  This  is  equivalent  to  120  cm  for  a  candle 
and  scale  at  i  m.  Just  how  much  the  conical  receiver  has  in- 
creased the  apparent  sensitiveness  is  unknown.  In  the  original 
description  of  the  Rubens  thermopile,*  the  galvanometer  deflection 
was  given  as  54  mm  with  the  conical  receiver  and  as  only  22  mm 
without  the  receiver.  A  fair  estimate  of  the  radiomicrometer 
deflection,  without  the  conical  receiver,  is  therefore  about  50  cm 
for  a  candle  and  scale  at  i  m,  the  complete  period  being  20  seconds. 
The  area  of  the  exposed  surface  is  not  given,  but  judging  from 
Schmidt's  description  of  a  linear  junction  of  Bi-Cu,  consisting  of  a 
strip  of  Bi,  18  by  i  by  0.4  mm,  joined  to  a  copper  wire  0.13  mm 
diameter,  and  from  the  fact  that  the  opening  in  front  of  the  junc- 
tion was  5  mm  in  diameter,  the  area  of  the  receiving  surface  was 
of  the  order  of  18  to  20  nmi.'  However,  since  an  ordinary 
candle  gives  readings  10  to  15  per  cent  higher  than  that  of  a  stand- 

'  Schmidt:  Inaug.  Diss.  Berlin;  1909.    Ann.  d.  Phys.,  M,  p.  1003;  1909.    Also  used  by  Meyer,  Ann.  d. 
Phys.,  SO,  p.  6x2;  X909. 
^  This  Bulletin,  4.  p.  391;  1908. 

*  HoUnagel:  Inaug.  Diss.,  Berlin;   19x0.    Rubens  and  Hc^lnagd:  Sitzber.  Akad.  Wist.,  4,  p.  s6;  x9to, 
Berlin.    Rubens  and  Wood:  Sitzber.,  68,  p.  1x24;  X910. 

*  Rubeiu:  Zs.  f.  Instk.,  18,  p.  65;  1898. 
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ard  sperm  candle,  and  since  the  radiation  tests  were  not  made  in 
the  same  manner  as  herein  described,  no  accurate  comparison  can 
be  made  of  these  instrmnents.  In  the  investigations  of  Rubens 
and  Wood,'  the  sensitiveness  of  this  instrument  was  increased  so 
that,  using  the  conical  receiver,  the  deflection  was  increased  to  70 
cm  (scale  distance  not  given  but  probably  3  m  as  in  previous  work) 
for  a  candle  at  2  m,  the  instnunent  being  covered  with  a  quartz 
window  I  mm  thick. 

In  a  previous  paper,'  the  writer  described  a  vacuimi  radiomi- 
crometer.  From  later  experience,  it  seems  desirable  to  try  con- 
stantan  instead  of  bismuth  as  then  used. 

Recently  •  a  new  form  of  suspension  was  made  for  this  radiomi- 
crometer.  The  suspension  consists  of  two  jimctions  of  bismuth 
and  silver,  with  a  copper  loop,  and  it  was  made  linear  for  spectral 
radiation  work.  It  was  fotmd  that  by  dropping  the  molten  metal 
from  a  height  •  of  about  i  m  it  would  spatter  out  into  a  thin,  well- 
annealed  plate,  which  could  then  be  rolled  to  0.02  to  0.04  nun 
thickness.  The  dimensions  of  the  present  jimction  are:  Bi= 
8  by  I  by  0.03  mm,  Ag=3  by  i  by  o.oi  mm  and  copper  wire=o.o8 
mm  diameter.  The  central,  active  parts  of- the  jimctions  were 
painted  on  one  side  with  a  mixture  of  platinum  black,  lampblack, 
and  a  little  shellac  in  alcohol.  The  window  covering  the  junctions 
consisted  of  a  film  of  glass  blown  so  thin  that  it  showed  interference 
colors.  Such  a  film  absorbs  but  little  in  the  spectrum,  except  at  8 
to  9/1.^* 

For  a  standard  sperm  candle  at  3.1  m  and  scale  at  i  m,  with  all 
extraneous  light  excluded  except  that  which  passed  through  a 
long,  blackened  tube,  the  deflection  was  22  cm  (for  a  single  swing 
of  25  seconds)  or  more  than  200  cm  at  i  m.  For  a  single  swing  of 
ID  seconds  the  deflection  was  at  least  50  cm.  It  is  therefore  appar- 
ent that  this  form  of  jimction  is  as  sensitive  as  any  heretofore 
described.  The  weight  of  the  complete  suspension  was  a  little 
less  than  10  mg.    The  sensitiveness  of  this  suspension  was  not 

'  See  footnote  s,  p.  9. 

*  This  Bulletin,  2,  p.  479;  1906. 

•  This  Bulletin,  7,  p.  343,  19x1.  Since  writing  this  pai>er  Pfund  (Amer.  Phys.  Soc.,  .meeting  Dec.  »7, 
19x1)  has  described  a  similar  method,  whidi  enabled  him  to  produce  fine  filaments  of  the  order  of  o.ox  mm 
diameter.    (See  Phys.  Rev.,  S4  p.  338;  19x3.) 

i«  See  Investisations  of  Infra-Red  Spectra,  VoL  II.  p.  65;  X906. 
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very  much  greater  than  that  of  a  similar  suspension  having  but  a 
single  thermojunction,  which  is  in  accordance  with  the  theory 

The  purpose  in  describing  this  form  of  instrument  is  not  so  much 
to  show  its  sensitiveness  as  to  indicate  directions  in  which  ftuther 
improvements  are  possible.  On  accotmt  of  the  difficulties  in  pre- 
paring a  nonmagnetic  loop,  there  is  still  much  room  for  improve- 
ment by  combining  the  Nichols  radiometer  and  the  radiomicrom- 
eter.  For  detecting  electrical  waves  the  system  can  be  made  still 
lighter  and  the  heating  arrangement  can  be  brought  close  to  the 
junction  as  in  the  Duddell "  ammeter,  or  by  using  a  EllemenCi? 
thermojimction  "  and  radiomicrometer  as  described  by  Pierce." 
The  point  receiver  thermopiles  of  bismuth  and  silver,  described 
on  a  subsequent  page,  would  be  more  sensitive  and  quicker  acting 
than  obtains  in  the  present  commercial  instruments  fe.  g.,  amme- 
ters). 

In  table  I  are  shown  the  radiation  sensitivities  of  various  radio- 
micrometers  for  which  comparative  data  are  available. 


TABLE  I 
Sensitiveness  of  Radiomicrometers  and  Rubens  Thermopile 


Observer 


Boys 

PhiL  Train.,  180  A,  p.  159. 1889. 


Wied.  Ann.,  48,  p.  275, 1893. 

UmiM 

Astrophys.  Jour.,  2,  p.  1, 1895. 


Coblentz 

This  BtiUetin,  8,  p.  479;  1906. 


IMd.    7,  p.  248;  1911 


Full  period 

Area  of 
vane 

sec 

iinn> 

10 

4 

40 
20 

1.4 

f        ^ 

3 

25 

3 

I        16 

5 

50 

10  to  12 

Deflections  in  cm/oun', 
candle  and  scale  at  1  m 


en 
0.9 

3.0 

1.3 

6.0(inTacao)j 

5.0  (in  vacuo)  Bi-Cu 

20.0  in  air 


With  the  electrically  heated  welding  device  described  on  a  sub- 
sequent page  (Fig.  i)  a  much  greater  refinement  in  construction 
and  a  higher  sensitivity  should  be  attainable.     With  this  end  in 

^^^^^"*^'^"  ■■■■  .■■III  ■■  .  .-M.^.-M  I  ■!■  »■■  ■■^■— ^^ 

"  Dttdddl:  Pliil.  Mag.  (8),  2,  p.  91;  1904;    Jour,  de  Phys.  (4),  4,  p.  5;  1905. 

**  Pierce:  Amer.  Jour.  Sd.,  9,  p.  252;  1900.    Klemendi,  Ann,  der  Phys.  (j).  46,  p.  6a;  1891. 
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view,  very  much  smaller  and  lighter  (3  to  5  mg)  stispensions  should 
be  tried  in  place  of  those  heretofore  employed. 

m.  THE  THERMOPILE 
1.  BRIEF  DESCRIPTION  OF  THERMOPILES  OF  RECENT  CONSTRUCTION 

During  the  past  year  or  two,  ntunerous  attempts  have  been 
made  to  further  improve  the  Imear  thermopile,  principally  by  the 
use  of  finer  wires  as  already  indicated."  Soon  after  writing  the 
paper  cited  above,  an  investigation  was  published  by  Moll "  in 
which  he  used  a  modified  form  of  Rubens  thermopile  of  30  ele- 
ments. The  iron-constantan  wires  were  0.06  mm  diameter,  the 
junctions  were  about  0.2  mm'  area,  the  area  of  the  exposed  sur- 
face being  about  0.42  by  1 1  nmi  and  the  resistance  about  1 2  ohms. 
The  galvanometer  sensitivity  was  i.i  X  lo"***  ampere  with  a  com- 
plete period  of  1 2  seconds.  The  weak  point  in  the  design  of  Moll's 
thermopile  arose  from  joining  the  **  cold  "  (unexposed)  junctions  to 
the  heavy  metal  support  instead  of  having  them  free  as  in  the 
original  design  of  Rubens.  The  hot  and  the  cold  junctions,  there- 
fore, always  had  a  different  temperature  (owing  to  a  difference  in 
heat  capacity  and  in  emissivity)  which  caused  a  large  permanent 
deflection,  and  a  drift  in  the  zero  reading.  However,  by  surroimd- 
ing  the  instrument  with  a  water-cooled  envelope  he  was  able  to  do 
excellent  work  with  it. 

In  passing,  attention  should  be  called  to  a  thermopile  in  the 
form  of  an  annulus,  known  as  a  "coronal  thermopile,"  used  by 
Callendar"  on  a  solar  eclipse;  also  to  a  theoretical  paper  by 
Altenkirch  i«  on  the  efficiency  of  thermocouples,  in  which  he 
shows  that  the  external  resistance  can  be  two  to  three  times  the 
internal  resistance  of  the  pile,  without  seriously  affecting  the 
maximum  efl&ciency  of  the  pile. 

Paschen  *^  constructed  a  thermopile  of  iron  o.  i  mm  and  of 
constantan  0.08  mm  in  diameter.  The  constantan  wire  was  4  mm 
long.     The  wires  were  motmted  end  to  end  and  fused  with  a  little 

1*  This  Bulletin,  4,  p.  391 ;  1908. 

i<  Moll:  Inaug.  Dissertation  Utiecfat;  1907.    Archives  N^landaises  des  Sd..  Serie  II.  Tome  XIII.  p.  xoo. 

»  Callendan  Proc.  Roy.  Soc..  77  A,  p.  8;  1905. 

"  Ahenkirdi:  Phys.  Zs..  10,  p.  560;  1909. 

17  Pasdhen:  Ann.  der  Phys.,  S8,  p.  736;  1910. 
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borax  and  sUver  solder.  The  junctions  and  wires  were  then 
rolled  to  0.002  mm  thickness.  The  nmnber  of  jmictions  and  the 
Resistance  was  not  given.  The  maximum  temperature  was 
attained  in  four  seconds  and  98  per  cent  of  £he  inrease  in  two 
seconds.  The  sensitivity  was  about  the  same  as  that  of  a  bolom- 
^^  eter  strip  o.ooi  mm  thickness  but  was  only  about  one-half  that 

of  his  best  bolometers  on  high  battery  cturent;  its  manipulation, 
however,  was  easier. 

Reinkober  **  constructed  a  vacuum  thermopile  of  14  junctions 
of  iron-constantan,  of  wires  0.05  mm  diameter  and  having  a  resist- 
ance of  14  ohms.  It  was  3  times  as  sensitive  as  the  old  form  of 
Rubens  pile  with  wires  0.15  mm  in  diameter.  In  vacuo  it  was 
1.6  times  as  sensitive  as  in  air.  He  made  also  a  thermopile  (of 
wires  0.02 1  mm  thickness,  hammered  thin)  of  only  four  elements, 
since  the  resistance  was  1 8  ohms.  In  air,  this  was  twice  as  sensitive 
as  the  old  form,  and  in  vacuo  10  times  as  sensitive  as  the  com- 
mercial Rubens  instrument.  He  found  that  its  sensitivity  was 
only  one-half  that  of  a  vacumn  bolometer. 

Johansen  ^'  has  made  a  study  of  vacuum  thermopiles  of  iron- 
constantan  and  of  iron-bismuth.  From  theory  he  finds  that  (i) 
the  resistance  of  the  thermopile  should  equal  that  of  the  galva- 
nometer, (2)  the  radii  of  the  two  wires  of  the  element  should  be 
so  chosen  that  the  ratio  between  the  heat  conductivity  and  the 
electrical  resistance  is  the  same  in  both,  (3)  the  heat  loss  by  con- 
duction through  the  wires  should  equal  the  heat  loss  by  radiation 
from  the  junctions,  (4)  the  radiation  sensitivity  is  proportional  to 
the  square  root  of  the  exposed  surface.  In  an  iron-constantan 
couple  the  theory  required  the  use  of  iron  wire  0.023  mm  and  con- 
stantan  wire  0.045  mm  diameter;  and  for  a  Bi-Fe  couple  iron  wire 
0.024  mm  and  bismuth  wire  0.075  °^^  diameter.  If  the  diameter 
of  both  wires  were  twice  as  great,  theory  indicates  that  the  sensi- 
tivity would  be  only  0.8  the  maximum  sensitivity.  He  used  a 
single  long  junction  consisting  of  a  constantan  wire  0.03  mm  and 
an  iron  wire  0.015  ^tn  diameter  soldered  to  a  strip  of  silver  10  by 
0.2  by  0.015  '^'^-  By  allowing  the  radiation  to  fall  on  different 
parts  of  this  long  junction  he  found  that  the  radiation  sensitivity 

>*  Rdnkober.  Ann.  der  Phys.,  (4).  84,  p.  349;  19x1.       **  Johansen:  Ann.  d.  Phys.  (4).  88,  p.  517;  19x0. 
82208**— 13 2 
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varied  only  a  few  per  cent  over  the  whole  length.  For  a  junction 
0.5  cm  long,  this  variation  was  0.9  per  cent,  which  is  entirely 
different  from  a  bolometer  strip  which  has  its  maximtmi  radiation 
sensitivity  at  the  middle  and  zero  sensitivity  at  the  ends.  He 
claims  that  the  "temperature  sensitivity"  of  the  Rubens  pile  is 
ID  to  15  times  greater,  but  that  the  "radiation  sensitivity"  is 
much  less  than  for  his  instnunent.  Calling  the  radiation  sensi- 
tivity of  the  Reubens  pile  i ,  then  that  of  his  vacuum  pile  of  iron- 
constantan  is  4.5,  of  Bi-Fe  is  9.5  and  of  his  vacumn  bolometer  is 
9.7.  The  iron-constantan  pile  required  an  exposture  of  20  seconds 
and  the  Fe-Bi  pile  required  30  seconds  to  attain  a  temperature 
equilibrium. 

Spence  ^  has  recently  constructed  a  sensitive  thermopile  of 
two  elements  (i)  an  alloy  of  Bi+5  per  cent  Sn  and  (2)  Bi+3 
per  cent  Sb.  The  thermoelectric  power  was  1 20  microvolts  (iron- 
constantan  =53).  These  alloys  were  pressed  into  sheets  about 
0.25  mm  in  thickness  and  then  cut  into  bars  2.5  by  0.5  mm.  A 
pile  of  37  elements  presented  an  exposed  surface  of  21  by  0.5  mm. 
It  had  a  resistance  of  5  ohms  and  a  thermal  e  m  f  of  4.4  milli- volts 
per  degree.  Using  a  galvanometer  having  a  sensitivity  of  4  x  io~** 
amperes,  a  deflection  of  i  .4  mm  (against  Rubens  =  0.4  mm)  would 
occtu:  for  i  X  lO"*  degree  rise  in  temperatture.  Under  this  condi- 
tion a  candle  at  i  m  gave  a  deflection  of  234  cm.  He  says  that  a 
good  bolometer  would  give  a  deflection  of  250  cm  under  similar 
conditions.  He  found  the  pile  sluggish,  and  it  had  a  slow  drift 
which  resulted,  no  doubt,  from  the  lack  of  thermal  equilibrium 
of  the  hot  and  the  cold  jimctions.  This  is  to  be  expected,  for  its 
heat  capacity  is  almost  as  great  as  that  of  the  old  type  of  ther- 
mopiles. Moreover,  because  of  this  defect,  the  large  temperature 
sensitivity  (120  microvolts  per  degree  per  couple)  is  not  a  true 
indication  of  its  radiation  sensitivity.  The  original  Rubens  pile 
of  20  junctions  of  iron-constantan  gave  a  deflection  of  250  cm 
when  using  a  galvanometer  about  twice  as  sensitive  as  the  one 
used  by  Spence.  It  therefore  appears  that,  using  the  same  number 
of  junctions,  the  Spence  type  of  thermopile  has  no  particular 

**  spence:  Phys.  Rev..  tl»  p.  666, 19x0.    (See  abo  a  paper  by  HutdiiDS,  Amer.  J.  Sd.,  48,  p.  236.  for  the 
alloys  used.) 


I 


CobUmtz]  Instruments  and  Methods  of  Radiometry  15 

advantage  over  the  one  of  iron-constantan  when  a  comparison  is 
made  of  the  radiation  sensitivity  of  the  two  instruments. 

The  main  defect  in  a  thermopile  of  fine  iron  wires  is  the  rapidity 
with  which  which  they  rust.  They  should  therefore  be  given  a 
thin  coat  of  shellac.  Since  the  thermoelectric  power  of  copper- 
constantan  is  not  markedly  different  from  that  of  iron-constantan 
(Fe-Const.  =  5 1  to  53  mv;  Cu  — Const.  =  40  to  41  mv)  it  seems 
advisable  to  use  copper  instead  of  iron. 

2.  CONSTRUCTION  OF  A  BISMUTH-SILVER  THERMOPILB 

The  main  defect  in  a  thermopile  is  its  great  heat  capacity  with 
the  consequent  lag  in  attaining  temperatiu-e  equilibrium.  This  is 
apparent  in  nearly  all  of  the  designs  just  described.  Fiuther- 
more,  the  more  sensitive  thermopiles  can  not  be  made  into  com- 
mercial instnunents. 

In  the  instnmients  now  to  be  described,  the  success  attained  in 
construction  results  from  the  use  of  the  electrically  heated  welding 
device  and  from  the  choice  of  wire  (silver)  which  is  easily  freed 
from  sulphide.  The  silver  wire  contributes  but  little  thermo- 
electrically ,  but  this  is  compensated  by  its  extremely  low  resistance, 
which  is  about  0.07  ohms  per  centimeter  -for  wire  0.05  mm  in 
diameter.  One  need  not,  therefore,  exercise  any  great  care  in 
making  the  silver  wires  of  a  minimum  length  to  produce  a  low 
resistance  thermopile.  A  preliminary  heating  brightens  and 
anneals  the  wire;  a  procediu-e  which  can  not  be  followed  in  cleaning 
copper  and  iron  wire.  The  use  of  pure  tin  in  welding  produces  an 
alloy  which  is  not  brittle.  The  construction  of  the  thermo- 
elements of  bismuth  and  silver  is  therefore  an  easy  process,  so 
that  after  attaining  some  skill  they  can  be  made  at  the  rate  of  1 5 
to  20  per  hoiu:.  The  instnmient  can,  therefore,  be  built  in  any 
laboratory,  and  of  the  proper  design  to  suit  the  problem  under 
investigation. 

(a)  Linear  Thermopiles. — ^An  attempt  was  made  to  construct  a 
thermopile  of  bismuth  and  iron  using  fine  bismuth  wire  (from 
Hartmann  and  Braim)  and  fine  iron  wire,  and  soldering  with 
Wood's  alloy.  The  f luther  addition  of  bismuth,  resulting  from 
melting  of  the  bismuth  wire  made  a  very  brittle  junction.    To 
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make  good  contact  the  iron  wire  was  given  a  coating  of  pure  tin, 
but  that  did  not  appear  to  remedy  the  matter.  It  was  very 
difficult  to  thoroughly  clean  the  iron  wire;  and  the  further  diffi- 
culty of  anneah'ng  it  made  the  construction  of  the  thermoelement 
very  laborious.  It  was  found  that  the  resistance  of  a  single  junc- 
tion rose  from  1.5  ohms  to  3  ohms  and  sometimes  to  90  000  ohms 
in  a  few  days,  so  that  this  type  of  thermoj unction  was  discarded. 

There  is  no  particular  advantage  in  using  iron  instead  of  silver, 
m  view  of  the  fact  that  iron  rusts  easily;  that  the  Bi-Fe  junctions 
are  weak;  and  that  although  the  thermoelectric  power  of  iron  is 
about  5  times  that  of  silver,  its  resistance  is  from  6  to  10  times  that 
of  silver. 

The  welding  of  bismuth  to  silver  makes  a  very  strong  junction. 
It  was  found  that  the  direct  welding  of  bismuth  to  silver  was 
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NICHROME  SOLDERING  INSTRUMENT 

rig.  1 

difficult.  A  small  bead  of  pure  tin,  about  o.i  mm  in  diameter 
/  was  therefore  melted  to  the  silver  wire  (Ag  =  0.051  mm  diameter) 
by  means  of  a  small  heater  of  nichrome  wire  (nickel  or  iron  wire 
would  probably  be  just  as  serviceable)  filed  thin  at  the  point, 
shown  in  Fig.  i .  The  end  of  the  bismuth  wire  (o.  i  mm  diameter) 
was  then  brought  in  contact  with  this  bead  of  tin  (probably  an 
alloy  of  Sn  and  Ag)  which  is  then  melted  with  the  nichrome 
heater.  Such  a  heater  is  better  adapted  to  delicate  work  of  this 
type  than  is  a  well-tinned  soldering  copper,  the  surface  tension  of 
the  molten  material  on  the  hotter  surface  of  an  ordinary  soldering 
instrument  being  sufficient  to  tear  fine  bolometer  strips.     The 
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bismuth  wire  is  too  brittle  to  permit  flattening  the  junction,  so 
that  a  small  rectangle  of  pture  tin  i  .4  by  0.6  by  0.025  mm  was  then  ] 
placed  under  the  Bi-Ag  junction  and  fused  thereto  with  a  light 
touch  of  the  nichrome  heater.  It  is  somewhat  easier  to  flatten 
the  tin  bead  attached  to  the  silver  and  then  fuse  the  bismuth  to 
this  flat  disk,  as  shown  in  the  lower  part  of  Fig.  2 ,  but  in  this  case 
it  is  not  so  easy  to  produce  a  receiving  surface  which  completely 
fills  the  thermopile  slit. 

There  are  many  points  in  favor  of  the  use  of  silver  instead  of 
copper  wire  in  this  type  of  thermopile.  It  is  easily  annealed  and 
the  tarnish  is  easily  removed  by  heating  the  wire  on  a  sheet  of 
metal.  Thus  cleaned  the  bead  of  tin  is  attached  without  any 
soldering  acid.  A  bit  of  rosin  is  useful  but  not  necessary  in 
attaching  the  bismuth  wire.  The  low  resistance,  and  especially 
the  pliability  of  the  silver  are  also  important  advantages,  which 
one  appreciates  after  working  with  (unannealed)  iron  and  con- 
stantan  wires.  The  bismuth  wire  is  not  so  pliable  but  it  is  short 
and,  since  it  is  subject  to  but  little  handling  in  mounting,  is  not 
liable  to  be  broken. 

Before  mounting,  each  junction  was  given  a  thin  coat  of  shellac 
on  the  rear  side  for  insulation,  and  the  front  surface  was  painted 
with  a  mixttu-e  of  equal  parts  of  lampblack  and  chemically  preci- 
pitated platinum  black  in  a  dilute  alcoholic  solution  of  shellac. 
The  amount  of  shellac  to  be  added  is  just  sufficient  to  cause  the 
material  to  adhere  well  to  the  metal  stuiace.  This  produces  a 
hard,  compact,  matte  surface  which  permits  the  removal  of  dust. 
The  platinum  black  increases  the  thermal  conductivity.  Using 
receivers  of  equal  size,  it  was  found  that  the  radiation  sensitivity 
of  the  receiver  covered  with  the  mixture  of  lampblack  and  plati- 
num black  was  1.5  as  great  as  the  one  painted  with  pure  lamp- 
black.    This  is  a  question  which  requires  further  investigation. 

The  junctions  were  then  mounted  upon  a  glass  plate  with  Le  Page's 
glue,  the  edges  slightly  overlapping,  as  shown  in  the  upper  part 
of  Fig.  2,  and  the  ends  of  the  silver  wires  were  soldered  together. 
The  glass  plate  was  then  mounted  on  an  ivory  frame  and  the  loose 
ends  of  the  silver  wires  were  attached  to  the  latter  with  shellac 
after  which  the  glass  plate  was  removed  by  soaking  in  water,  thus 
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leaving  a  uniform,  solid,  well-insulated  receiver,  as  shown  in  Fig. 
3.  Subsequently,  all  these  junctions  were  separated  and  the 
resistance  of  the  pile  was  then  found  the  same  as  when  the  junc- 
tions were  m  contact,  showing  that  the  insulation  was  perfect. 
The  silver  wires  were  then  given  a  thin  coating  of  shellac,  but  this 
is  not  necessary.  The  length  of  the  receiving  surface  of  this  pile 
of  20  junctions  is  12  nun.  The  great  width,  1.3  to  1.4  mm,  of 
this  particular  pile  was  chosen  for  a  special  research  which  required 
high  sensitivity.  The  rectangles  or  disks  of  tin  could  be  made 
much  smaller  as  in  the  new  form  of  Rubens  thermopile. 

The  thermal  emf  of  this  bismuth-silver  thermocouple  is  89 
microvolts  per  degree  as  compared  with  51  to  53  microvolts  for  an 
iron-constantan  couple.     The  temperature  sensitivity  of  Bi-Ag  is 
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therefore  about  7 1  per  cent  greater  than  that  of  an  iron-constantan 
thermopile.  Whether  the  radiation  sensitivity  is  increased  in 
like  proportion  depends  upon  the  selection  of  the  proper  diameters 
of  wires.  As  shown  later,  the  radiation  sensitivity  of  this  ther- 
mopile is  2.5  to  3  times  that  of  the  iron-constantan  pile.  The  new 
form  '*  of  iron-constantan  thermopile  of  fine  wires  has  a  resistance 
of  about  9  ohms.  The  above  thermopile  of  bismuth-silver  has  a 
resistance  of  9.3  ohms.  By  using  bismuth  0.6  mm  diameter  the 
resistance  would  be  much  higher. 

The  radiation  sensitivity  of  this  bismuth-silver  pile  and  of  an 
iron-constantan  pile  were  compared,  by  means  of  a  galvanometer 
of  5.3-ohms  resistance  and  a  sensitivity  of  4.6  Xio"**  ampere. 
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Using  first  the  bismuth-silver  pile,  a  standard  sperm  candle  placed 
at  a  distance  of  2.4  m  caused  a  deflection  of  10.2  cm  (or  59  to  60 
cm  for  a  candle  and  scale  at  i  m).  With  a  galvanometer  sensi- 
tivity 3  times  as  large  as  ordinarily  used,  the  total  deflection  (in 
air)  would  have  been  about  180  cm.  This  is  only  about  one-half 
as  sensitive  as  the  vacutun  bolometer  to  be  described  presently, 
but  in  vacuo  it  would  be  as  sensitive  as  the  vacuum  bolometer. 

The  Rubens  iron-constantan  thermopile,  with  wires  about  0.15 
mm  in  diameter  and  having  a  resistance  of  4.7  ohms  similarly 
exposed,  caused  a  deflection  of 
3.8  to  4.0  cm  (or  about  23  cm  for 
a  candle  and  scale  at  i  m) .  The 
receiving  surfaces  of  this  pile 
were  about  i  .5  mm  diameter  and 
about  0.2  mm  thick.  The  disks 
overlapped  so  that  the  20  junc- 
tions occupied  a  space  20  mm 
long.  The  actual  area  exposed 
was  therefore  greater  than  in  the 
Bi-Ag  pile,  which  had  a  receiving 
surface  of  about  16  mm*.  This 
comparison  shows  that  the  radia- 
tion sensitivity  of  the  bismuth- 
silver  is  about  2.6  times  that  of 
the  ordinary  Rubens  thermopile. 
If  we  consider  that  in  spectro- 
radiometry  we  are  interested  in 
the  length  of  the  spectral  line 
which  can  be  utilized,  we  should 


Bi-Ag  THERMOPILE 
rig.  3 


have  made  the  length  of  the  Bi-Agpile  2omm,by  addingmorecouples. 
The  radiation  sensitivity  of  the  Bi-Ag  pile  would  therefore  be 
increased  in  the  ratio  of  20  to  12,  which  would  give  a  total  deflec- 
tion of  about  100  cm  instead  of  60  cm  as  observed.  It  is  there- 
fore safe  to  say  that,  comparing  equal  lengths  of  receiving  stuiace 
utilized  on  a  spectral  line,  the  radiation  sensitivity  of  this  type  of 
bismuth-silver  pile  is  4  times  that  of  the  old  type  of  low  resistance, 
iron-constantan  pile.     If  we  compare  the  bismuth-silver  with  the 
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fine  wire  type  "  of  iron-constantan  pile,  which  has  a  resistance  of 
8.9  to  9.3  ohms  and  a  radiation  sensitivity  i  .4  times  that  of  the 
old  type  of  Rubens  pile,  it  is  a  fair  estimate  to  say  that  this  bismuth- 
silver  pile  has  a  radiation  sensitivity  at  least  3  times  as  great  as  the 
new  type  of  iron-constantan  thermopile. 

One  important  point  usually  not  considered  is  the  heat  capacity 
and  hence  the  speed  of  attaining  temperature  equiUbritun  in  these 
instruments.  In  the  present  radiation  sensitivity  tests  the  half 
period  of  the  galvanometer  was  2  seconds.  When  joined  with  the 
bismuth-sUver  pile  the  half  period  was  lengthened  to  about  3.8 
seconds,  which  is  practically  the  same  as  with  the  new  type  of  fine- 
wire  iron-constantan  pile  described  in  a  previous  paper."  This  is 
not  an  excessively  long  period  and  the  galvanometer  mirror  re- 
turns quickly  to  its  zero  position.  With  the  old  heavy- wire  type  of 
iron-constantan  pile,  the  time  of  single  swing  of  the  galvanometer 
was  increased  from  2  seconds  to  about  6.5  seconds  and  there  was 
a  tendency  to  lag,  especially  when  measuring  intense  radiation,  so 
that  it  does  not  compare  favorably  with  the  bismuth-silver  pile. 

This  thermopile  of  bismuth-silver  was  designed  for  special  work 
requiring  a  large  receiving  surface  in  air  where  very  thin  metal  is 
easily  affected  by  air  currents.  The  hot  and  the  cold  junctions 
are  suflBciently  alike  in  size  and  emissivity  so  that  no  temperature 
difference  and  consequent  drift  is  produced  in  the  galvanometer 
deflection.  The  junctions  are  easily  made  and  mounted,  and  are 
equally  easy  to  repair  if  broken.  The  iron-constantan  pile  of  fine 
wire  is  difficult  to  handle  and  difficult  to  repair  if  broken. 

By  using  an  alloy  of  platinum-iriditun  instead  of  silver  the 
thermoelectric  power  would  be  increased,  but  owing  to  the 
increased  resistance  it  remains  to  be  determined  whether  a  higher 
radiation  sensitivity  would  be  obtained. 

The  present  instnunent  is  not  intended  for  rapid  work,  but  to 
give  exact  and  undisturbed  readings  with  the  instrument  in  air. 
The  time  to  attain  temperature  equilibrium  is  about  4  seconds, 
but  by  reducing  the  heat  capacity  (using  finer  bismuth  wire) 
temperature  equiUbrium  should  be  attained  in  less  than  3  seconds. 
In  another  comparison  test,  using  a  more  intense  radiation 
(acetylene  flame),  the  bismuth-silver  pile  attained  temperature 
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equilibrium  in  6  to  7  seconds,  while  the  Rubens  pile  required  from 
25  to  30  seconds.  The  two  piles  being  similarly  mounted,  one 
can  asstmie  that  this  is  owing  to  the  great  difference  in  the  heat 
capacity  of  the  two  kinds  of  thermojunctions. 

The  logical  procedure  in  this  investigation  would  have  been  to 
test  various  combinations  of  bismuth  and  silver  wires  before  con- 
structing a  thermopile;  but  the  marked  success  attained  was  not 
anticipated,  and  the  following  experiments  were  made  on  silver 
wire  procured  afterwards. 

In  the  experiments,  on  surface  thermopiles,  to  be  described 
presently,  it  was  found  that  bismuth  wire  o.  1 5  mm  diameter  has 
a  too  great  heat  capacity,  so  that  half  a  minute  was  required  to 
attain  thermal  equiUbrium,  and  that  bismuth  wire  o.  i  mm  diam- 
eter was  very  satisfactory.  The  question,  therefore,  to  be  solved 
was  the  size  of  the  silver  wire  to  be  used  with  o.i  mm  bismuth 
wire  in  order  to  attain  the  maximtun  radiation  sensitivity.  The 
dimensions  of  the  tin  receivers  were  2.5  by  0.03  mm.  All  the 
comparisons  were  made  against  a  standard  jimction.  A,  with 
silver  wire  0.0513  mm  in  diameter;  the  other  junction,  B,  being 
made  with  silver  wire  of  small  diameter,  say,  0.04  mm.  The 
intervening  bismuth  wire  was  about  4  mm  long.  These  elements 
were  mounted  over  an  opening  in  thick  cardboard  and  covered 
with  glass  plates  to  avoid  air  cturents.  The  sotu-ce  of  radiation 
was  an  acetylene  flame,  and  the  comparison  was  made  by  exposing 
alternately  the  standard  jimction.  A,  of  0.05  mm  silver  wire  and 
the  one  imder  investigation,  B. 

Using  an  element  with  silver  wire,  B  =  0.0410  mm  diameter,  the 
ratio  of  sensitivities  B  -^  A  was  i .  1 3.  In  other  words,  a  thermopile, 
in  which  the  bismuth  wire  is  o.i  mm  diameter  and  in  which  the 
silver  wires  are  0.04  mm  diameter,  would  have  a  radiation  sensi- 
tivity which  is  about  13  per  cent  higher  than  the  one  just  described 
of  silver  wires  0.05  mm  diameter.  The  latter  contains  about  20 
cm  of  silver  wire  having  a  resistance  of  about  1.4  ohms,  the  total 
resistance  of  the  pile  being  about  10  ohms.  The  total  resistance 
of  a  pile  of  20  junctions  having  silver  wire  0.04  mm  diameter  and 
bismuth  o.  i  mm  diameter  would  therefore  be  from  1 1  to  1 2  ohms. 

Using  an  element  with  silver  wire,  B  =  0.030  mm,  the  ratio  of 
sensitivities  B-^A  was  1.20.    The  two  receivers  were  then  re- 
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blackened  and  the  ratio  was  1.195.  In  a  vacuum  the  sensitivity- 
was  doubled  by  reducing  the  pressure  to  about  0.15  mm.  With  a 
lower  pressing  the  sensitivity  would  of  cotu^e  be  still  further  in- 
creased. A  pile  of  20  elements  having  silver  0.03  mm  in  diameter 
would  have  a  radiation  sensitivity  about  20  per  cent  higher  than 
the  one  herein  described,  and  its  resistance  would  be  from  13  to 
14  ohms. 

Using  silver  wire  0.02 1  mm  diameter,  the  ratio  of  B  -^  A  was  i .  1 2. 
The  same  value  was  obtained  on  repainting  the  receivers.  The 
resistance  of  such  a  pile  of  20  elements  wpuld  be  from  18  to  19 
ohms.  Its  radiation  sensitivity  in  air  would  be  about  the  same 
as  that  of  a  pile  having  silver  wires  0.04  mm  diameter,  and  hence 
there  is  no  advantage  in  using  the  finer  wire.  The  loss  by  con- 
vection is  usually  found  to  be  greater  from  fine  wire  so  that,  in  a 
high  vacuum,  the  radiation  sensitivity  might  be  considerably 
increased  when  using  a  small  receiver  and  fine  silver  wires.  In 
the  present  tests  the  sensitivity  was  increased  70  per  cent  in  a 
vacumn  of  about  0.15  mm  pressitfe.  This  increase  in  sensitivity 
is  somewhat  less  than  found  in  the  element  having  0.03  mm  silver 
wire.  These  tests  show  that  the  size  of  the  wire  is  not  an  important 
factor  at  this  gas  pressure. 

.  From  the  aforesaid  experiments  it  appears  that  the  most  sensi- 
tive thermopile  of  bismuth  wire  o.i  mm  diameter  is  obtained  by 
using  silver  wire  0.03  mm  in  diameter.  It  appears  advisable, 
however,  to  apply  a  coat  of  lacquer  to  wires  of  this  fineness  to 
avoid  a  change  in  resistance,  which  may  result  from  tarnishing  of 
the  wire. 

(6)  Surface  Thermopiles. — ^The  success  attained  with  the  linear 
pile  led  to  the  construction  of  a  thermopile  having  a  large  receiving 
smiace,  built  up  of  single  imits,  each  of  which  contains  20  or  more 
thermoelements  mounted  upon  an  ivory  support  as  shown  in 
Fig.  4,  C.  In  the  preliminary  tests  to  determine  the  most  desir- 
able width  of  strip  to  be  used,  thermoelements  were  built  with 
receivers  of  the  same  width,  0.6  mm,  and  of  different  lengths,  as 
shown  in  the  lower  part  of  Fig.  2.  In  all  cases  the  silver  wire  used 
was  0.0513  mm  diameter.  The  bismuth  wires  (4  to  5  mm  long) 
were  0.06  and  0.15  mm  in  diameter.  The  two  receiving  surfaces 
(i  by  4  mm,  or  i  by  9  mm)  were  blackened,  and  exposed  alter- 
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nately  to  radiation.     The  elements  to  be  tested  were  inclosed  in 
order  to  avoid  air  currents. 

Using  bismuth  wire  0.15  mm  in  diameter,  the  deflection  for  a 
receiver  4  mm  long  was  not  quite  twice  that  of  a  receiver  i  mm 
long.  For  both  receivers  the  deflection  did  not  attain  a  maximum 
abruptly;  and  there  was  a  serious  creeping,  requiring  some  15 
seconds  for  the  galvanometer  to  come  to  rest. 
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WIRING  DIAGRAM 


Using  bismuth  wire  0.06  mm  in  diameter,  the  galvanometer 
deflection  for  a  receiver  4  mm  long  was  2.1  times  as  large  as  that 
for  a  receiver  i  mm  long.  On  reducing  the  length  of  the  4  mm 
receiver  to  about  2.6  mm,  the  sensitivity  was  1.9  times  as  great  as 
for  the  receiver  i  mm  in  length.  A  receiver  9  mm  long  was  2.7 
times  as  sensitive  as  a  receiver  i  mm  in  length.  As  shown  in  Fig. 
5,  the  sensitivity  varies  roughly  as  the  square  root  of  the  receiving 
siurf ace,  which  is  the  law  of  the  stuiace  bolometer.     As  a  matter  of 
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fact,  there  is  an  optimum  length,  which  is  of  the  order  of  2  mm, 
but  the  exact  value  was  not  determined.  Obviously,  two  receiv- 
ing surfaces  4  mm  wide  are  better  than  a  single  one  9  mm  wide 
in  the  ratio  4.2  to  2.7.  In  fact,  the  sensitivity  should  be  still 
greater  than  this  (if  a  galvanometer  having  a  resistance  of  the 
same  magnitude  be  provided) ,  for  by  placing  the  two  units  (4  mm 
wide)  in  parallel,  the  internal  resistance  is  reduced  to  one-half  the 
former  value.     Units  which  are  built  up  with  receiving  surfaces  4 
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to  6  mm  wide  give  ample  working  space  in  mounting,  so  that  there 
is  a  distinct  gain  in  using  such  narrow  widths. 

No  difference  could  be  detected  in  the  sensitivity  of  the  front 
and  the  rear  siufaces  of  these  jimctions,  showing  that  attaching 
the  junction  at  the  center  of  the  receiver  is  not  detrimental. 

The  size  of  the  receiver  made  no  appreciable  diflference  in  the 
time  of  attaining  a  temperature  equiUbriiun.  In  constructing  a 
siuface  thermopile  for  experimental  tests  it  was  therefore  deemed 
permissible  to  omit  the  receiving  surfaces  from  the  unexposed 
junctions.    The  results  show  that  imless  the  instrument  is  well 


J 


Ccbimtz]  Instruments  and  Methods  of  Radiometry  25 

shielded,  there  may  be  drift  as  found  by  Moll.  With  the  fine 
bismuth  wire  the  deflection  attained  its  maximmn  abruptly  in 
3  to  4  seconds. 

In  a  vacuum  of  o.  1 5  mm  pressure,  the  thermoelement  of  bismuth 
wire,  0.06  mm  in  diameter,  was  2.03  times  as  sensitive  as  in  air. 
The  sensitivity  would  be  ftuther  increased  in  a  higher  vacuum. 
It  is,  therefore,  a  distinct  advantage  to  place  the  pile  in  an  evacu- 
ated inclosure. 

Using  receivers  of  the  same  size,  the  radiation  sensitivity  of  a 
thermoelement  of  bismuth  wire  0.15  mm  (and  silver  wire  0.05  mm) 
in  diameter  was  twice  as  great  as  that  of  an  element  of  bismuth 
wire  0.06  mm  in  diameter,  as  indicated  by  theory."  But  the 
serious  lag  in  attaining  temperature  equilibrimn  in  a  thermopile 
of  bismuth  wire  0.15  mm  in  diameter  is  objectionable,  so  that  it 
is  to  be  recommended  only  where  a  very  high  sensitivity  is  reqmred 
and  where  the  radiation  to  be  measured  is  very  weak. 

In  the  surface  thermopile  it  was  therefore  decided  to  use  bismuth 
wire  o.  i  mm  and  silver  wire  0.05  mm  in  diameter,  which  increases 
the  radiation  sensitivity  to  nearly  that  of  an  element  with  bismuth 
wire  o.  1 5  mm  in  diameter,  while  the  time  of  attaining  temperature 
equilibrium  is  about  the  same  as  that  of  the  element  having 
bismuth  wires  0.06  mm  in  diameter.  If  the  various  elements  are 
jomed  m  paraUel,  as  shown  in  Fig.  4,  D,  the  resistance  is  reduced 
and  the  sensitivity  is  mcreased.  By  having  the  units  uniformly 
exposed  to  radiation,  so  that  each  imit  produces  the  same  voltage, 
there  will  be  but  little  shunting  of  the  current  generated.  It  is 
therefore  important  to  have  the  imits  of  the  same  heat  capacity 
and  emissivity,  equaUty  of  resistances  being  of  minor  importance. 

In  making  the  units,  the  msulated,  blackened,  mdividual 
elements  are  mounted  in  a  row,  upon  a  glass  plate,  as  previously 
described  for  the  linear  pile,  and  the  silver  end  wires  are  soldered 
together.  The  ivory  support  is  then  placed  over  the  central  line 
of  receivers,  and  the  end  wires  are  bent  back  against  the  side  of 
this  support  (shown  in  Fig.  4,  B,  C)  and  attached  thereto,  along 
the  side,  with  shellac.  No  shellac  is  permitted  to  come  in  contact 
with  the  **hot"  junction,  which  would  affect  the  heat  capacity. 

s>  johanaen:  Ann.  d.  Phys.,  (4)  St,  p.  5x7:  1910. 
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The  sensitivity  and  heat  capacity  are  not  affected  by  having  this 
junction  in  contact  with  the  ivory  support.  In  the  latest  design, 
however,  the  active  junction  is  suspended  across  a  slot  in  the 
ivory  support.  The  moimting  of  the  elements  is  the  most  delicate 
part  of  the  work,  as  the  bismuth  wires  become  brittle  after 
bending  them  several  times.  Since  the  wires  are  bent  away  from 
the  receiving  surface,  before  mounting  (Fig.  4,  B),  in  order  to 
apply  the  insulating  coat  of  shellac  on  the  rear  stuiace,  it  is  best 
to  leave  them  thus  throughout  the  remainder  of  the  construction. 
A  small  bead  of  solder  is  attached  to  the  end  of  each  one  of  the 
silver  wires  before  mounting  the  elements  on  the  glass  plate,  and 
it  is  then  an  easy  matter  to  connect  them  with  the  nichrome 
heater.  It  is  necessary,  however,  to  hold  the  wires  with  tweezers 
to  prevent  heat  from  being  conducted  to  the  bismuth,  which  would 
melt  the  junction. 

After  the  shellac  has  dried,  and  the  pile  has  been  separated  from 
the  glass  plate  by  soaking  in  water,  the  elements  are  very  securely 
held  to  the  ivory  moimting  and  there  is  Uttle  danger  of  breaking 
them.  Because  of  the  fragility  of  the  bismuth  wire,  in  mounting 
it  might  be  better  to  use  a  different  form  of  holder  than  the  one 
here  described,  and  join  the  bismuth-silver  junction  to  the  tin 
receiver  as  shown  in  Fig.  7,  C. 

The  mounting  for  these  ivory  supports  (Fig.  4,  A)  may  be  of 
brass,  and,  for  convenience  in  construction,  may  be  circular,  as 
shown  in  Fig.  6.  The  slight  adjustment  of  the  ivory  supports, 
necessary  in  placing  them  upon  this  mounting,  is  accomplished 
by  means  of  slots  and  bolts,  as  shown  in  Fig.  4,  A,  or  by  means  of 
clamps,  e,  as  shown  in  Fig.  6.  In  Fig.  6  is  shown  a  surface  pile 
made  of  three  imits  each  consisting  of  20  elements.  The  individual 
receivers  are  of  tin  6  by  i  by  0.03  mm,  and  the  total  area  is  about 
17  by  17  mm.  The  instrument  was  designed  for  psychological 
work,  in  which  it  is  desired  to  measure  a  light  stimulixs  1 5  mm  in 
diameter. 

The  three  individual  tmits  have  closely  the  same  resistance  and 
the  same  radiation  sensitivity;  but  in  overlapping  them  to  form 
a  continuous  stuiace  there  is  no  doubt  a  sUght  loss  in  sensitivity. 
With  the  short  period  galvanometer  used,  it  could  not  be  deter- 


i 


CMmU] 


Instruments  and  Methods  of  Radiometry 


27 


I 


mined  whether  there  was  a.  difference  in  the  time  required  for 
each  of  the  three  units  (joined  in  parallel  or  series)  to  come  to 
thermal  equilibrium.  This  would  catise  the  galvanometer  deflec- 
tion to  approach  a  maximum  at  an  irregular  rate. 

Using  the  three  imits  in  series  (resistance  33.6  ohms),  and  a 
galvanometer  resistance  of  5.3  ohms  and  t  =  6.5X  10"*®  ampere,  a 
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standard  sperm  candle  at  a  distance  of  3  m  gave  a  deflection 
equivalent  to  166  cm  at  i  m.  For  a  galvanometer  sensitivity  of 
i  =  2  X  ID""*  ampere,  as  ordinarily  used,  this  would  be  about  560 
cm  deflection  for  a  candle  and  scale  at  i  m.  This  is  about  4.2 
times  the  deflection  of  the  aforesaid  linear  pile  used  under  similar 
conditions.     It  attained  thermal  equilibrium  in  the  same  time 
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(in  2.5  to  3  seconds,  for  a  galvanometer  half  period  of  i  second) 
as  obtained  with  the  linear  thermopile. 

With  the  three  units  joined  in  parallel  (resistance  3.8  ohms) 
and  with  a  galvanometer  sensitivity  of  6.8  X  10"*®  ampere,  the 
deflection  for  a  candle  at  2  m  was  equivalent  to  227  to  230  cm  at 
I  m.  For  a  sensitivity  of  2  X 10"**^  ampere  this  would  correspond 
to  770  to  780  cm  for  a  candle  and  scale  at  i  m.  This  is  about  6 
times  (the  values,  obtained  on  different  days,  varied  from  5.9  to 
6.05)  the  sensitivity  of  the  linear  pile.  The  galvanometer  half 
period  was  increased  from  about  i  second  to  3  seconds  when  the 
pile  was  exposed  to  radiation. 

From  a  consideration  of  the  areas  of  the  individual  receivers, 
the  surface  thermopile  should  have  been  7.3  to  7.5  times  as  sensi- 
tive as  the  linear  pile.  In  view  of  the  fact  that  this  is  the  first 
instrument  of  the  present  type  of  surface  thermopile  ever  con- 
structed, the  agreement  between  theory  and  experiment  (experi- 
ment =  ^  theory)  is  fairly  satisfactory. 

As  shown  on  a  previous  page,  by  using  finer  silver  wire  (silver  0.03 
mm,  bismuth  o.i  mm)  the  radiation  sensitivity  would  be  increased 
40  to  60  per  cent.  Expressed  in  terms  of  the  Rubens  linear  pile, 
it  is  a  fair  estimate  to  rate  the  stuiace  thermopile  of  bismuth 
silver  (17  by  17  mm)  at  from  15  to  20  times  the  sensitivity  of  an 
iron-constantan  thermopile.  In  such  researches  as  can  be  per- 
formed with  the  thermopile  inclosed  and  evacuated  to  o.i  mm 
pressure  (thus  obviating  the  unsteadiness  caused  by  air  currents) 
the  sensitivity  attainable  is  at  least  twice  this  value.  In  fact 
high  precision  work  can  not  be  done  with  these  instruments  in  open 
air ;  and  hence  the  inclosing  vessel  might  as  well  be  one  that  may  be 
evacuated,  thus  doubling  the  sensitivity. 

From  the  data  just  cited,  it  may  be  seen  that  when  the  three 
units  were  connected  in  series  the  internal  resistance  was  about 
6.4  times  the  external  (galvanometer)  resistance;  and  the  radia- 
tion sensitivity  was  about  two-thirds  that  of  the  thermopile  having 
the  units  joined  in  parallel,  and  having  a  resistance  of  3.8  ohms. 
From  this  it  appears  that  the  external  resistance  may  be  consider- 
ably different  from  the  internal  resistance  without  seriously  affect- 
ing the  radiation  sensitivity. 
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Ohvioiisly,  the  sensitivity  to  be  attauaed  depends  upon  the 
number  of  tmits,  and  this  depends  upon  the  skill  and  patience  one 
has  in  constructing  such  instnunents.  Prom  the  tests  made  thus 
far,  there  appears  to  be  a  small  permanent  emf  (resulting  probably 
from  the  difference  in  emissivity  of  the  hot  and  the  cold  junctions) , 
but  it  causes  no  annoyance  other  than  displacing  the  galvanometer 
deflection  several  centimeters  on  closing  the  circuit.     In  the  linear 
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pile  this  is  obviated  by  having  the  two  sets  of  junctions  covered 
with  receivers  which  are  suspended  in  air. 

In  Fig.  7  is  shown  a  point  sotirce  (receiver)  thermopile  which 
is  us^u)  in  measuring  radiation  confined  in  a  small  circular  area. 
The  individual  junctions  (Fig.  7,  a)  are  made  by  attaching  a  small 
bead  of  tin  to  the  silver  wire,  hanunering  it  thin  (i  mm  diameter) , 
fusing  the  bismuth  wire  thereto,  painting  the  rear  side  with  shellac, 
82208**— 13 — ^3 
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blackening  the  front  side,  and  then  mounting  the  same  (overlap- 
ping) upon  a  sheet  of  mica  having  acentral  opening  i  cm  in  diameter. 
This  thermopile  consists  of  i6  elements  joined  in  series,  and  has  a 
resistance  of  lo  ohms.  The  central  pile  of  receivers  presents  a 
continuous  surface  4  mm  in  diameter.  Mounted  as  a  photometer, 
this  instrument  may  be  used  in  comparing  the  intensities  of  light 
sources. 

Another  point  receiver  thermopile  of  10  elements,  suitable  for 
star  images,  sun  spots,  etc.,  was  constructed  of  bismuth  wire  0.04 
mm  and  silver  wire  o.oi  9  mm  diameter.  The  fine  wires  were  made, 
from  the  material  previously  described,  by  reduction  in  nitric 
acid.  The  receivers  were  constructed  as  shown  in  Fig.  7,  b  the 
active  junctions  being  insulated  with  a  thin  coat  of  shellac.  Back 
of  these  junctions,  but  not  in  metallic  contact  with  them,  was  placed 
a  disk  of  tin  I  mm  in  diameter  and  o.oi  mm  in  thickness.  The 
rear  side  of  this  disk  was  left  bright ;  and  the  front  side,  including  the 
active  junctions,  was  covered  with  the  lampblack  and  platinum  black 
combination  already  described.  The  active  junctions  occupied 
only  a  portion  of  the  disk.  The  resistance  (tested  before  and  after 
the  junctions  were  placed  in  contact  with  the  disk)  was  19.3  ohms. 
The  bismuth  wires  were  3  mm  long,  but  for  weak  sources,  such  as 
star  images,  the  length  of  the  bismuth  wire  could  be  reduced  to  2 
mm,  thus  reducing  the  resistance  to  about  1 2  ohms.  When  used 
with  a  gavlanometer  of  5.3  ohms  resistance,  half  period  of  3.5 
seconds  and  sensitivity  of  2Xiori«  ampere,  the  deflection  for 
a  standard  sperm  candle  and  scale  at  i  m  was  from  61  to  62  cm. 
From  the  experiments  described  on  a  previous  page,  this  value 
should  be  increased  from  20  to  25  per  cent,  owing  to  the  difference 
in  resistance  of  the  thermopile  and  the  galvanometer.  In  practice 
one  would  provide  a  more  suitable  galvanometer,  and  the  deflec- 
tion would  therefore  be  75  to  76  cm  per  meter  candle. 

The  Nichols  radiometer,  used  for  measuring  heat  from  stars, 
gave  a  deflection  of  52  cm  per  meter  candle  when  used  on  a  com- 
plete period  of  1 1  seconds.  A  magnetically  shielded  galvanometer 
is  easily  operated  with  this  or  even  a  greater  period;  and  since 
thermopiles  and  radiomicrometers  of  the  abovementioned  sensi- 
tivity should  be  operated  in  inclosures  exhausted  to  o.  i  mm  pres- 
sure, which  doubles  the  sensitivity,  it  appears  feasible  to  produce 
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a  radiometer  having  at  least  4  times  the  sensitivity  previously 
employed  in  measuring  the  radiation  from  stars. 

Point  receivers  of  this  type  would  be  useful  in  radiation  pyrom- 
eters (Fery's)  which  are  now  made  with  but  one  thermo  element. 

These  surface  thermopiles,  built  as  they  are  on  a  small  scale, 
foreshadow  the  possibiUties  which  the  futtu-e  may  bring  forth  in 
the  form  of  large  receiving  smiaces,  similar  in  principle  but  of 
somewhat  different  design,  which,  by  utilizing  (solar)  radiation, 
will  generate  suflBcient  current  to  operate  relays,  recording  devices, 
etc. 

By  placing  a  surface  thermopile  (single  unit  of  20  or  more  junc- 
tions) back  of  the  mangamn  heater  in  an  Angstrom  pyrheUometer, 
but  not  in  contact  with  the  heater,  as  now  obtains,  it  is  hoped  to 

obtain  a  more  reUable  instrument  for  measuring  radiation  in  abso- 
lute measure. 

In  Fig.  8  is  shown  a  double-walled  cascj  for  a  (linear)  thermopile. 
It  is  modeled  after  the  bolometer  case  described  in  the  previotis 
paper,  and  consists  of  three  parts:  (i)  The  tube  with  diaphragms, 
(2)  the  main  double-walled  jacket,  and  (3)  the  end  piece  which 
supports  the  thermopile  from  three  rods,  R.  The  latter  may  be 
rotated  about  a  horizontal  axis  to  adjust  the  thermopile  slit  upon 
a  spectral  line,  and  then  is  clamped  by  the  nuts,  K,  The  metal 
disk.  Fig.  8,  A,  supports  the  adjustable  slit,  c,  c,  and  the  thermo- 
pile, T. 

For  adjusting  the  slit  upon  a  spectral  line,  the  eyepiece,  with  a 
right-angled  prism,  is  pushed  down  in  front  of  the  sUt;  the  fine 
adjustment  being  made  by  means  of  a  micrometer  screw,  S,  which 
rotates  the  case  about  the  screw,  D,  as  an  axis.  Experiments  show 
that  unless  the  water  supply  is  of  uniform  temperature  it  is  better 
to  have  it  stand  in  the  jacket  surrotmding  the  radiometer  rather 
than  to  have  it  flowing.  In  this  laboratory  it  has  been  found  suffi- 
cient to  use  a  double- walled  jacket  containing  an  air  space  about 
I  cm  in  thickness. 

The  sensitivity  of  a  srniace  bolometer  varies  as  the  square  root 
of  its  surface.  The  aforedescribed  linear  thermopiles  have  prac- 
tically the  same  sensitivity  as  linear  bolometers,  but  their  surface 
sensitivity  does  not  follow  the  square-root  law,  there  being  an 
optimtun  value  which,  on  the  dimensions  tested,  was  20  per  cent 
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greater  than  the  sqtiare-root  law.  Hence,  if  one  has  the  patience 
to  construct  such  an  instrument  it  seems  possible  to  obtain  a  sur- 
face themK^ile  which  has  a  higher  sensitivity  than  a  surface 
bolometer.  Unfortunately  at  this  writing  no  good  surface  bolome- 
ters were  at  hand  to  make  this  comparison. 

(c)  Therm<^e-*Galvanometer  Sensitivity  Terting  Device. — In 
places  where  the  galvanometer  and  (air)  thermopile  can  be  kept  at 
a  uniform  temperature  it  is  most  convenient  to  test  the  galva- 
nometer sensitivity  by  passing  a  known  current  through  it.  For 
this  purpose  it  is  desirable  to  have  the  galvanometer  connected 
with  the  thermopile  by  means  of  a  two-way  switch.  This  aiables 
the  operator  to  throw  the  switch  at  will  from  the  thermopile  cir- 
cuit to  the  battery  circuit.  When  the  galvanometer  is  adjusted 
to  a  high  sensitivity  this  operation  may  seriously  displace  the  zero 
of  the  scale  reading.  It  is  therefore  desirable  to  test  the  galva- 
nometer with  the  thermopile  circuit  closed.  Few  this  purpose  an 
auxiliary  coil  of  wire  is  placed  in  a  fixed  position  near  the  galva- 
nometer coils  through  which  a  known  current  is  passed.  This  will 
cause  a  deflection  which  is  proportional  to  the  cturent  sensitivity 
of  the  galvanometer.  The  relation  of  the  cmrent  sensitivity  of  the 
galvanometer  to  the  sensitivity  as  defined  by  this  arbitrary  stand- 
ard may  easily  be  determined  by  passing  a  known  cmrent  through 
the  galvanometer  coils.  If  the  thermopile  is  used  in  vacuo,  a 
standard  source  of  radiation  should  be  used  in  testing  the  sensi- 
tivity. 

In  conclusion,  it  is  desirable  to  add  a  word  of  caution  in  regard 
to  the  use  of  these  surface  thermopiks,  for  we  are  confronted  with 
a  difficulty  not  usually  encountered,  viz,  a  possible  drift "  of  the 
galvanometer  if  the  thermopile  is  not  well  shielded  and  the  shutter 
is  not  kept  at  a  uniform  temperature. 

It  is  therefore  important  to  have  the  hot  and  cold  junctions  of 
the  same  emissivity  and  heat  capacity.  To  this  end  it  seems 
advisable  to  attach  "receivers"  to  both  the  hot  and  the  cold 
jimctions.    To  the  latter  the  receivers  may  be  attached  by  means 

*■  A  MiffMe  bolemeter  is  enhjeeied  to  the  same  distufbances,  in  addidon  to  air  currents  caused  by  the 
heat  gcneiated  by  the  battery  current,  but  the  drfft  can  be  balanced  by  means  of  a  slide  wire. 
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of  low  melting  point  (Wood's)  alloy,  shellac,  or  an  amalgam  such 
as  used  by  dentists,  after  the  instrument  is  completed. 

The  quickest  way  to  balance  the  drift  in  the  thermopile  circuit 
is  to  alter  the  position  of  a  magnet  placed  near  the  galvanometer, 
the  sensitivity  being  tested,  as  already  mentioned,  by  an  auxiliary 
coil  placed  on  the  galvanometer.  Another  method  for  keeping 
the  galvanometer  reading  adjusted  would  be  to  place  a  coil  of  wire 
near  the  galvanometer  and  pass  a  cturent  through  it  in  the  proper 
direction  to  cause  a  deflection  in  the  opposite  direction  to  that 
caused  by  the  drift  of  the  thermopile.  By  varying  the  distance 
of  the  coil  from  the  galvanometer  or  the  current  through  the  coil, 
or  both,  a  balance  may  be  brought  about  just  as  in  the  stuface 
bolometer.  Not  having  as  yet  experienced  any  of  these  difficulties 
in  this  laboratory,  these  suggestions  are  given  in  anticipation  of 
what  may  be  encountered  by  others  whose  problems  may  not 
admit  of  thorough  protection  of  the  thermopile  from  temperature 
variations. 

IV.  THE  BOLOMETER  WITH  ITS  AUXILIART   GALVANOM- 
ETER» 

In  the  present  paper  only  the  most  important  of  the  recent 
improvements  of  this  instnunent  are  discussed.  Until  recently 
the  notion  prevailed  that  the  bolometer,  in  vacuo,  is  difl&cult  to 
operate;  but  the  advances  made  during  the  past  few  years  indicate 
that,  whenever  the  investigation  admits  of  it,  bolometers,  and  in 
fact  all  the  aforesaid  radiometers,  should  be  operated  in  a  vacuum 
of  not  more  than  o.  i  mm  mercury  presstu'e. 

1.  HISTORICAL  SUMMARY 

One  of  the  recently  described  galvanometers  is  Paschen's,** 
which,  for  a  period  of  lo  seconds  and  a  resistance  of  i  ohm,  has  a 
sensitivity  of  about  2.5  x  lo""  ampere. 

Nichols  and  Williams  "  have  described  a  convenient  galvanom- 
eter with  an  excellent  magnetic  shield.  The  galvanometer  had 
4  coils  of  wire,  each  2.6  cm  diameter.  Each  coil  was  wound  in  3 
sections;  81  cm  of  No.  38,  328  cm  of  No.  32,  and  1318  cm  of  No. 

*  The  notes  on  the  atudliaiy  galvanometer  are  given  in  Ai>pendiz  L 

"  Paacfaen:  Ann.  der  Phyt.  (4),  tS*  P.  738:  x9io. 

"  Nichob  and  WllUams:  Phyt.  Rev.,  t7»  p.  150;  1908. 
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26  wires;  resistance,  5.6  ohms  (1.4  for  the  4  coils  in  parallel). 
The  magnet  system  consisted  of  two  groups  of  7  needles  each,  of 
timgsten  steel  wire  0.165  mm  diameter  and  2  mm  long.  The 
sensitivity  was  4  X  lo"**  volt  for  i  mm  deflection  for  a  complete 
period  of  6  seconds.  Of  chief  interest  are  the  cylindrical  shields 
of  silicon  steel,  which  had  a  shielding  ratio  40  times  as  great  as  the 
best  form  designed  by  Du  Bois  and  Rubens.  Using  3  of  these 
shields,  designed  according  to  the  computations  of  Wills,**  the 
"shielding  ratio"  was  2903  for  the  tmannealed,  and  4274  units  for 
the  annealed  cylinders.  Five  shields  of  soft-iron  water  pipe  gave 
a  shielding  ratio  of  2725,  and  with  a  later  design  6  shields  of 
annealed  water  pipe  gave  a  shielding  ratio  of  over  9000. 

Trowbridge  ^  has  used  a  similar  outfit  including  a  vacutun 
spectrobolometer,  in  which  the  bolometer  and  the  optical  parts  <rf 
the  spectroscope  are  evacuated. 

Seddig  ^  has  described  an  ''absolute  bolometer"  in  which  two 
branches  have  a  positive  and  two  branches  have  a  negative  tem- 
perature coefficient.  He  uses  iron  and  carbon  for  the  branches. 
The  novelty  in  the  device  is  the  use  of  carbon  and  the  exposure  of 
the  foin:  branches  to  radiation,  but,  from  tests  made  on  the  com- 
mercial instnunent,  it  does  not  seem  to  justify  the  claims  made  for 
it.  The  iron  is  of  course  too  short  lived,  owing  to  oxidation,  and 
the  "absolute"  measures  can  be  made  only  after  calibration 
against  a  known  soturce  of  radiation.  In  this  respect  all  instru- 
ments may  be  caUbrated  to  read  in  absolute  units. 

Leimbach  •*  has  used  extensively  a  linear  ** absolute  bolometer" 
constructed  on  the  double-bridge  principle  described  by  Paalzow 
and  Rubens."  The  area  of  the  bolometer  strips  was  0.63  mm* 
(two  strips  0.025X12  mm),  resistance  165  ohms,  and  thickness 
0.00028  mm.  He  used  an  Edelmann  string  galvanometer,  the 
sensitivity  of  which  was  7.4  X  lo"**®  amp.  In  the  radiation  sensi- 
tivity test  he  used  a  Du  Bois-Rubens  galvanometer  having  a  period 
of  10  seconds.  (The  current  sensitivity  was  not  given.)  The 
deflection  was  about  200  cm  for  a  candle  and  scale  at  i  m,  which 
is  a  high  sensitivity. 

«»  Wills:  Phys.  Rev..  24,  p.  943;  >907. 

>*  Trowbridffe:  Phys.  Rev.,  27,  p.  282;  igo8.    Phil.  Mag.  (6).  20,  p.  768;  19x0. 

**  Seddig:  Phirs.  Zs..  10,  p.  533;  1909.    Ver.  Phys.  Gesell..  Berlin,  18,  p.  53;  19x1. 

*>  l>imbadi:  Zs.  f Or  Wiss.  Photogr..  7,  p.  X52:  1909.    Ann.  der  Phirs.  (4).  tt,  p.  308;  i^xa 

**  Paalzow  and  Rubens:  Ann.  der  Phys.  (3),  87,  p.  529;  1899. 
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Warburg,  Leithauser,  and  Johansen  •'  have  made  important 
contributions  to  the  study  of  vacuum  bolometers,  and  their  com- 
plete paper  should  be  consulted.  They  studied  bolometers  varying 
from  0.2  to  1 .0  mm  m  width,  and  found  that  m  the  vacuum  bolom- 
eter the  heat  lost  by  radiation  is  proportional  to  the  third  power 
of  the  temperatiu^.  In  a  vacuum  bolometer  the  maximum 
radiation  s«isitivity  is  proportional  to  the  square  root  of  the 
width  of  the  bolomet«*,  while  for  an  air  bolometer  the  sensitivity 
is  proportional  to  the  width.  The  heat  lost  by  air  conductivity 
for  a  bolometer  i  mm  wide  is  4.5  times,  and  for  a  bolometer  0.2  mm 
wide  it  is  14.8  times  as  great  as  the  loss  by  radiation.  The  internal 
heat  conductivity  reduces  the  radiation  sensitivity  of  an  air 
bolometer  by  1 5  per  cent  and  that  of  a  vacuum  bolometer  by  38 
per  csent. 

The  radiation  sensitivity  of  a  vacuum  bolometer  was  found  to  be 
proportional  to  the  current  for  small  values,  but  for  a  large  current 
the  radiation  sensitivity  of  a  narrow  bolometer  passes  through  a 
m£LXimum.  This  maximum  is  attained  for  a  current  density  at 
which  the  radiation  sensitivity  of  the  air  bolometer  does  not 
depart  appreciably  from  proportionality  with  current.  A  vacuum 
bolometer  0.2  mm  wide  was  found  to  be  10  times  as  sensitive  as  it 
was  in  air,  when  used  in  a  small  current,  but  only  5  times  as  sensi- 
tive when  in  both  cases  the  cturent  was  raised  to  its  highest 
operating  value.  This  is  of  practical  importance  when  one  is 
limited  to  a  given  galvanometer  sensitivity. 

The  manner  in  which  the  radiation  sensitivity  varies  with  the 
gas  presstu-e  and  with  the  bolometer  current  is  well  shown  in  Fig.  9 
which  is  taken  from  a  paper  by  Buchwald."  In  this  illustration 
the  ordinates  represent  the  galvanometer  deflections  when  the 
bolometer  was  exposed  to  a  source  of  radiation.  The  various 
cinves  represent  different  gas  pressures.  In  this  experiment  the 
bolometer  was  0.15  mm  wide.  Using  a  bolometer  0.5  mm  wide 
the  curves  (see  Fig.  1 1)  do  not  come  to  such  a  sharp  maximum  as 
the  ones  shown  in  Fig.  9. 

**  Warburg,  Ldthauser,  and  Johansen:  Ann.  der  Phys.,  84,  p.  25;  1907. 
M  Buchwald:  Ann.  der  Phys.  (4)  86,  p.  928:  19x0. 
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2.  THE  CONSTRUCTION  OF  SENSTTIVB  BOLOMETERS 

In  the  bolometer  the  sensitiveness  is  closely  proportional  to  the 
square  root  of  the  surface,  so  that  in  spectral  energy  work,  where 
the  bolometer  strip  is  narrow,  the  sensitiveness  attainable  through 
the  bolometer  is  limited. 

Since  writing  the  previous  paper  the  present  instrument  has 
been  considerably  changed,  and  the  experience  gained  indicates 
that  in  air  bolometers  it  is  not  advisable  to  use  platinum  which  is 
much  less  than  o.ooi  mm  in  thickness.  The  methods  of  mounting 
are  as  before  described.     In  moimting  the  bolometer  strips  on  the 
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holder,  the  one  exposed  to  radiation  is  first  soldered  in  place, 
using  rosin  for  a  flux.  The  unexposed  strip  is  made  a  Uttle  longer, 
so  that  it  will  have  a  slightly  greater  resistance,  which  by  subse- 
quent resoldering  is  made  equal  ro  that  of  the  exposed  strip.  This 
is  a  difficult  task  when  using  very  thin  bolometer  platinum.  Iq 
one  of  the  latest  bolometers  (No.  9;  0.0003  tnm  thickness)  con- 
sisting of  platinum  strips  10  by  0.6  mm,  the  resistance  of  the  exposed 
strip  is  6.447  ohms  and  of  the  unexposed  strip  is  6.459  ohms. 
But  the  risk  of  breaking  is  too  great  to  balance  to  such  a  nicety 
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and  in  the  vacuum  bolometer,  known  as  No.  10,  to  be  described 
presently,  the  bolometer  strips  are  balanced  to  i  per  cent. 

The  question  of  a  satisfactory  slide  wire  for  balancing  the 
bolometer  has  required  considerable  attention.  It  was  found  that 
the  constantan  slide  wire  became  soiled  and  required  frequent 
polishing.  In  the  latest  design  of  vacuum  bolometer  the  mercmy 
contact  previously  described  is  used  in  connection  with  sUde 
wires  of  platinum  which  are  0.5  and  i  mm  in  diameter. 

3.  COMPARISON  OF  SBNSmVENESS  OF  VARIOUS  BOLOMETER-GALVAN- 

OMETSR  COMBINATIONS 

Important  data  on  sensitive  radiometers,  and  particularly  that 
relating  to  bolometers,  were  given  in  Table  IV  of  the  previous 
paper.  It  will  be  noticed  that  the  bismuth-silver  thermopile  is  as 
sensitive  as  the  air  bolometer.  In  the  previous  paper  it  was 
shown  that  the  temperatiwe  sensitiveness  of  the  various  instru- 
ments falls  in  two  groups.  To  the  first  group  belong  the  earlier 
instruments  of  Rubens,  of  Snow,  and  of  Paschen,  with  a  sensitive- 
ness of  about  5  X  lo"®  degrees  per  mm  deflection.  To  the  second 
group  belongs  a  more  sensitive  combination  of  Paschen's  and  the 
writer's  vacuum  bolometer,  in  which  i  mm  deflection  corresponds 
to  a  rise  in  temperature  of  5^  X 10-*  and  7^  x  lo"*,  respectively.  In 
other  words,  the  instruments  of  the  latter  group  have  the  same 
sensitiveness,  and  any  increase  is  to  be  attained  by  lengthening 
the  scale  distance.  The  bolometer  current  of  0.04  ampere  is  about 
the  maximum  limit  for  acctu-acy.  The  sensitiveness  of  the 
writers'  instruments  could  have  been  further  increased  by  length- 
ening the  scales  distance  to  2  m,  when  the  temperature  sensitive- 
ness would  have  been  3^.5  X  lo"*,  and  by  doubling  the  galvanometer 
period,  when  the  sensitiveness  would  have  been  1^.7  X  lo"*  against 
Paschen's  i^X  lO"*.  Such  a  computation  is  of  x^ourse  somewhat 
illusory  because  of  a  difference  in  the  galvanometer  damping,  and 
in  the  radiation  sensitivity  which  is  higher  in  a  vacuum.  On  actual 
trial  (using  the  lo-magnet  system  just  quoted)  for  a  full  period  of 
20  seconds  the  sensitiveness  of  one  of  the  writer's  galvanometers 
was  7  X  lO""  ampere  and  on  30  seconds  it  was  3.7  X  lO""  ampere. 
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4.  CONSTRUCTION  OF  A  VACUUM  BOLOMETER 

A  convenient  vacuum  chamber  was  made  by  combining  the 
hemispherical  mirror,  w,  with  a  small  glass  cup  as  shown  in  Fig. 
lo.  The  opening  in  the  mirror  is  covered  with  a  fluorite  window, 
/,  which  is  attached  with  cement.  The  glass  window,  w,  admits 
viewing  the  inclosed  bolometer  strip  for  adjusting  it  in  the  spec- 
trum. The  exhaust  tube,  t,  leads  out  along  the  axis  to  the  rear 
of  the  bolometer  case  where  it  is  joined  (in  series  with  a  large, 
4-Uter,  glass  bottle  to  give  it  capacity  and  thus  avoid  variation  in 
gas  pressure)  to  a  Geryk  oil  pump.  The  slate  support  of  the  bolom- 
eter strips,  6',  b'  (see  Figs.  12  and  13  of  the  previous  paper),  is 
placed  within  this  glass  chamber,  and  the  battery,  shunt,  and 
galvanometer  wires,  properly  insulated,  are  inserted  through  the 
short  tubes,  /,  and  soldered  directly  to  the  terminals  of  the  bolom- 
eter strips.  All  these  joints  are  closed  with  a  cement  made  of 
rosin  and  piure  rubber  which  has  a  low  vapor  pressure.  The  ex- 
posed bolometer  strip  is  brought  in  the  focus  of  the  hemispherical 
mirror  by  removing  the  microscope,  E  (Fig.  1 2  of  previous  paper) , 
and  reflecting  sunlight  along  the  axis  of  the  bolometer  from  the 
rear.  For  this  purpose  the  heavy  battery  current  wires,  which  are 
the  support  of  the  bolometer  holder,  are  of  the  proper  length  and 
flexibiUty  to  admit  of  such  an  adjustment.  Two  of  the  three  sets 
of  lead  wires  are  illustrated  in  position  in  Fig.  10.  The  bolometer 
strips  are  10  by  0.6  mm  and  have  a  computed  thickness  of  0.0003 
mm  and  resistances  of  5.604  ohms  (exposed  strip)  and  5.664  ohms, 
respectively.  The  resistance  of  the  complete  bolometer  is  about 
8.9  ohms  (depending,  of  course,  upon  the  battery  ciurent  and  the 
vacuum)  with  a  temperature  coefl&cient  of  0.0230  ohms  per  degree. 
The  resistance  of  the  galvanometer  is  5.09  ohms  at  20®  C,  with  a 
temperature  coefficient  of  0.0194  ohms  per  degree. 

The  rear  side  of  each  bolometer  strip  is  left  bright,  and  the  front 
side  is  pamted  with  a  mixture  of  equal  parts  of  lampblack  and  of 
platinum  black,  which  is  made  into  a  smooth,  thidc,  paste  with 
tiupentine,  or  with  a  dilute  alcoholic  solution  of  shellac.  This  is 
applied  with  a  brush  made  of  a  thin  strand  of  a  fine  silk  thread. 
By  starting  at  one  support  and  by  making  one  uniform  stroke 
along  the  bolometer  strip,  and  not  stopping  until  after  arriving  at 
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the  othjer  «id,  there  is  no  datiger  of  tearing  the  strip-  After  this, 
the  bolometer  is  blackened  a  little  moipe  by  smoking  over  a  candle 
flame.  Chemically  precipitated  platinum  black  should  be  used 
instead  of  the  powd€^:ed  electrol3rtic  material  because  it  is  blacker. 
However,  a  layer  of  platinum  black,  if  successfully  deposited 
electrol3rtically  upon  a  bolometer  strip,  is  the  best  of  all. 

The  degree  of  evacuation  is  meastued  by  means  of  the  length  of 
the  cathode  dark  space  in  a  small  vacuum  tube  having  disk  elec- 
trodes of  aluminum.  There  is  practically  no  leakage  when  the 
stopcocks  are  in  good  condition  and  the  vapor  pressure  from  the 
cement  is  a  fairly  constant  value,  so  that  a  cathode  dark  space  of 
2  mm  (white  CO2  glow  of  hydrocarbon  vapors)  is  easily  maintained 
for  weeks.  The  radiation  sensitivity  is  lower  for  hydrocarbon 
vapors  than  for  nitrogen  or  hydrogen,  so  that  in  practice  air  is 
admitted  and  the  hydrocarbon  vapors  are  ptunped  out.  For 
example,  starting  with  the  bolometer  after  it  has  stood  for  some 
days  at  0.2  mm  pressure,  when  the  hydrocarbon  vapors  pre- 
dominated, the  radiation  sensitivity  was  doubled  by  admitting 
air  and  exhausting  to  the  same  pres3ure. 

In  practice,  the  sensitivity  is  varied  by  introducing  resistance  in 
series  with  the  galvanometer.  It  is  therefore  necessary  to  deter- 
mine the  resistance  of  the  bok>meter  with  considerable  accuracy, 
for  different  gas  pressures,  and  for  different  values  of  battery 
current.  As  illustrated  in  Fig.  1 1 ,  the  resistance  of  the  bolometer 
is  practically  constant  for  gas  pressures  as  low  as  0.2  mm.  This 
degree  erf  evacuation  is  sufficient  to  eliminate  the  effects  of  air 
ciurents,  but  the  radiaticm  sensitivity  is  not  increased  to  a  marked 
extent  until  a  much  lower  vacuiun  is  attained.  This  is  illustrated 
in  the  upper  part  of  Fig.  1 1 ,  from  Buchwald,'*  which  shows  the 
increase  in  sensitivity  (the  ordinates,  which  are  the  galvanometer 
deflections  arising  from  exposing  the  bolometer  to  a  constant 
source  of  radiation)  with  decrease  in  gas  pressure;  and  also  with 
increase  in  ciurent.  In  this  experiment  the  bolometer  strip  was 
0.2  mm  wide.  In  Fig.  9  using  a  bolometer  strip  o.  1 5  mm  wide,  the 
radiation  sensitivity  increased  at  a  more  rapid  rate  with  decrease 
in  gas  pressin-e. 

"^Buchwald:  Ann,  der  Phys.  (4),  tS  p.  928;  1910. 
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In  the  present  bolometer  the  radiation  sensitivity  was  doubled 
by  reducing  the  gas  pressure  from  760  mm  to  o.i  mm  (6  mm 
cathode  dark  space).  In  hydrogen  at  o.i  mm  the  bolometer  was 
2.5  as  sensitive  as  in  air  at  760  mm  pressure.  With  a  Geryk  oil 
pump  a  vacuum  of  0.015  to  0.02  mm  can  be  produced,  when  the 
radiation  sensitivity  is  much  higher.  The  sensitivity  of  this 
bolometer  in  air  with  the  fluorite  window  in  place  was  tested  with  a 
standard  sperm  candle  placed  at  a  distance  of  2  m  (an  ordinary 
paraffin  candle  gives   10  to   12  per  cent  higher  values).     The 
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fluorite  window,  which  was  flawless  and  3  mm  in  thickness,  trans- 
mitted about  93  per  cent  of  the  radiation  from  a  sperm  candle. 
The  battery  current  was  0.03  ampere.  Using  a  galvanometer 
period  of  10  seconds  and  a  sensitivity  of  1.4  X  lO"**  ampere,  the 
mean  value  of  the  deflection  was  30.  i  cm,  or  1 20  cm  (i  29  to  1 30  cm 
when  corrected  for  losses  in  the  fluorite  window)  with  a  candle  at  a 
distance  of  i  m,  so  that  as  ordinarily  used,  when  evacuated  to  0.1 
mm  pressure,  the  equivalent  deflection  would  be  at  least  280  to 
300  cm.     Under  these  conditions  an  accuracy  of  i  part  in  200 
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to  4CX)  is  easily  attained.  In  measuring  weak  radiation,  the 
sensitiveness  could  be  increased  to  at  least  650  to  700  cm  deflection 
by  increasing  the  scale  distance  to  1.5  m,  the  galvanometer  period 
to  12  seconds,  and  the  battery  current  to  0.04  ampere,  but  keeping 
the  pressure  at  o.i  mm.  By  using  the  scale  at  i  .5  m,  using  a  com- 
plete period  of  12  seconds  and  a  battery  current  of  0.03  ampere, 
but  evacuating  the  bolometer  to  o.oi  mm  or  less,  the  radiation 
sensitivity  would  be  increased  two  to  three  fold  (600  to  900  cm). 
In  qualitative  work  it  is  of  course  possible  to  use  a  higher  sensitivity 
by  using  a  large  battery  current,  but  in  this  bolometer  the  gal- 
vanometer deflection  becomes  imsteady  when  the  battery  current 
is  higher  than  0.04  ampere. 

5.  ELECTRIC  BATTERIES  FOR  BOLOMETERS. 

The  general  complaint  against  the  bolometer  is  its  *' drift" 
caused  by  a  gradual  drop  in  the  battery  voltage  or  variation  in 
bridge  current. 

While  the  bolometer  is  usually  spoken  of  as  being  **  simply  a 
Wheatstone  bridge,"  it  is  sometimes  forgotten  that,  from  the  very 
nature  of  the  construction  of  the  bolometer,  difficulties  must  be 
expected  in  operating  it.  A  Wheatstone  bridge  is  constructed  of 
wires  having  a  negligible  temperature  coefficient.  In  a  bolometer 
two  branches  of  the  bridge  are  purposely  constructed  of  metals 
having  a  high  temperature  coefficient  of  resistance.  These  two 
branches  are  made  as  symmetrical  as  possible  in  order  that,  when 
not  exposed  to  radiation,  they  will  be  equally  affected  by  tem- 
perature variations.  But  it  is  impossible  to  cut  bolometer  strips 
of  the  same  width  and  moimt  them  so  that  they  will  have  the  same 
resistance  and  the  same  radiating  surface  (emissivity) .  Hence,  if 
the  battery  current  varies,  the  resistance  of  one  branch  of  the 
bolometer  will  vary  more  than  the  other  and  the  bridge  becomes 
unbalanced.  One  of  the  best  balanced  and  most  sensitive  bolo- 
meters (the  vacuum  bolometer,  already  described)  ever  moimted 
by  the  writer  would  change  in  resistance  so  much  that  for  a  var- 
iation of  foohoo  ampere,  the  bolometer  would  be  unbalanced  by 
I  mm.  Of  covu-se,  in  the  actual  work  the  fluctuations  in  the 
deflections  are  greater  than  i  nmi.     Formerly  the  writer  operated 


44  Bulletin  of  the  Bureau  of  Standards  [Voi,9 

his  bolometer  on  a  portable  storage  battery  which  for  several  days 
after  charging  would  give  a  sufficiently  constant  voltage  so  that 
there  was  no  drift.  Occasionally  the  galvanometer  needle  would 
vibrate  when  on  shaking  the  storage  cell  (supposed  to  Uberate  the 
gas  bubbles)  or  on  substituting  a  new  cell,  the  difficulty  would  be 
overcome.  From  this  the  writer  concluded  that  the  fault  was  with 
the  battery.  During  the  past  two  years  he  has  used  a  large  plate 
(single  cell)  battery  of  400  ampere  hour  capacity,  situated  in  a 
basement  room  (at  uniform  temperatixre)  and  has  had  no  difficul- 
ties whatever  from  this  sovirce.  The  only  fluctuations  that  arise 
are  caused  on  wmdy  days  by  air  currents  in  the  galvanometer,  and 
in  humid  weather  by  grounding  through  the  bolometer  circuit. 

Hulett  '•  has  described  a  battery  which  is  really  an  enlarged 
form  of  cadmium  sulphate  cell  The  cell  gives  good  results  while 
it  lasts,  but  appears  (in  spite  of  its  constancy)  never  to  have  given 
the  satisfaction  in  bolometric  work  that  was  supposed  to  obtain 
when  it  was  first  described.  On  the  other  hand,  the  cell  of  large 
capacity  (400  ampere  hours)  can  be  operated  on  a  small  battery 
current  (0.03  in  the  writer's  work)  without  variation  in  voltage. 
In  actual  practice,  on  standing  over  night,  the  tmbalancing  of  the 
bolometer  never  amounts  to  more  than  i  or  2  cm ;  usually  it  amotmts 
to  only  a  few  millimeters  and  this  is  probably  owing  chiefly  to  a 
change  in  temperature  and  in  the  vacuiun. 

6.  RADIATION  SEHSITIVITT  OF  BffPBRENT  PARTS  OW  A  BOLGIimR 

STRIP 

Johansen*^  using  a  bolometer  strip  11  mm  long,  0.54  mm  wide 
and  o.ooi  mm  thick,  found  the  sensitivity  of  different  parts  of  the 
same  when  exposed  to  a  standard  source  of  radiation.  For  this 
piupose  he  projected  (crosswise)  an  image  of  a  Nemst  glower  upon 
different  parts  of  the  bolometer  and  noted  the  galvanometer  deflec- 
tion. At  the  ends,  Fig.  12,  the  deflection  is  practically  zero  owing 
to  loss  by  heat  conduction.  The  errors  resulting  therefrom  will  be 
negligible  when  comparing  sovirces  of  radiation  which  do  not  differ 
greatly  in  intensity.  When  the  sources  differ  greatly  in  intensity, 
as  for  example,  different  parts  of  a  spectral  energy  curve,  the  error 

**  Hulett:  Phys.  Rev.,  27,  p.  jj;  1908.  ^  Johansen:  Ann.  d.  Phys.  (4),  tt,  p.  517;  X910. 
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may  be  avoided  by  reducing  the  incident  energy  from  the  intensest 
source  by  means  of  a  sectored  disk.  In  the  writer's  vacuimi  bo- 
lometer the  thickness  of  the  strips  is  only  about  one-third  that 
used  in  the  above  experiment.  The  loss  by  conduction  from  the 
ends  is,  therefore,  much  smaller  and  the  sensitivity  curve  is  flatter 
than  that  given  in  Fig.  12.  The  loss  by  conduction  from  the  ends 
is  further  reduced  by  having  the  incident  radiation  cover  only 
about  two-thirds  of  the  bolometer  strip. 

V.  SELECTIVE  RADIOMETERS 

The  well-known  fact  that  the  resistance  of  selenium  changes, 
when  exposed  to  the  light,  has  been  applied  to  photometric  measure- 
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ments.  Pfimd  **  has  shown  that  the  maximum  sensitivity  of  the 
selenium  cell  is  at  about  X  =  o.7  /i.  According  to  Stebbins  ^  some 
cells  have  two  maxima,  at  0.586  \i  and  0.694  M>  respectively.  If 
an  alloy  could  be  produced  which  has  its  maximum  sensitiveness 
(i.  e.,  its  resistance  change  greatest)  for  those  wave  lengths  to  which 
the  eye  is  most  sensitive,  it  might  be  possible  to  devise  a  method  for 
measuring  radiant  efficiencies,  without  the  use  of  an  absorption 

*  Pfund:  PhU.  Mag.  (6),  7,  p.  a6;  1904.  From  his  latest  work  (Washington  Meeting.  Amer.  Phys.  Soc., 
Dec.  a7, 1911,  Phys.  Rev.,  84,  p.  370,  191a),  it  appears  that  the  position  of  maximum  sensitivity  varies  with 
the  intensity  of  the  incident  light  so  that  the  selcnitmi  cell  does  not  appear  to  be  a  promising  instrument  in 
photometry  or  radiometry. 

*Stebbins:  Astrophys.  Jour.,  27,  p.  138;  1908. 
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screen  or  a  spectrometer,  as  now  used  for  separating  the  visible 
from  the  infra-red. 

In  the  ultra-violet  the  photo-electric  effect  has  been  appUed  by 
Kiich  and  Retschinsky  to  measure  the  radiation  from  the  mercury 
arc.*®  Little  is  known  in  regard  to  this  class  of  radiometers. 
Since  they  are  highly  selective  their  appUcation  is  limited,  but  if 
the  proper  combination  could  be  foimd  having  a  sensitivity  ctirve 
similar  to  the  eye  it  might  be  applicable  in  some  special  classes 
of  photometric  and  radiometric  work.  If  the  transformation  of 
radiant  energy  were  as  complete  in  the  photo-electric  eflfect  as  in 
a  bolometer  it  would  be  a  useful  instrument,  since  it  does  not 
appear  to  be  subject  to  such  perturbations  as  is  the  bolometer. 
However,  from  the  data  at  hand,  especially  that  relating  to  the 
selenitun  cell,  this  type  of  radiometer  does  not  appear  to  merit 
much  of  the  attention  that  should  be  devoted  to  the  further  improv- 
ment  of  radiation  instruments. 

For  determining  the  spectral  energy  distribution  of  weak  and 
intermittent  radiations,  such  as  the  flashes  of  light  from  the  fire- 
fly, a  species  of  spectro-photographic  photometry  has  been 
employed  "  with  considerable  success.  A  ** panchromatic"  plate 
was  used.  The  procedure  consisted  in  photographing  the  spec- 
trum of  the  light  of  the  firefly  and  that  of  a  standard  lamp,  after 
which  the  ** densities"  of  the  negatives  were  compared  photo- 
metrically. The  spectral  energy  distribution  of  the  standard 
lamp  was  determined  with  a  bolometer  and  from  this  the  spectral 
energy  curve  of  the  light  of  the  firefly  was  determined  by  multi- 
plying the  energy  values  of  the  standard  glow  lamp  by  the  ratio  of 
densities  (firefly  light  -5-  glow  lamp  light)  at  each  wave-length. 
The  advantages  of  this  method  are,  first,  that  all  portions  of  the 
spectnun  are  recorded  simultaneously,  so  that  unsteadiness  of  the 
total  light  is  permissible;  and,  second,  that  the  plate  is  integrative, 
so  that  the  obstacles  imposed  by  low  intensity  may  be  overcome 
by  long  exposure. 

*  KQdi  and  Retschinsky:  Ann.  der  Phys.  (4),  20.  p.  563;  1906. 

^  Ives  and  Coblentz:  This  bulletin,  6.  p.  321,  1909.    Coblentz:  Canadian  Bntomologitt,  p.  355.  Oct..  X9xz; 
Carnegie  Publicatioa  No.  164, 19x2.    Pierce:  Phys.  Rev.,  SO,  p.  6^,  X910  (Pluoreacence  Spectra). 
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VI.  A  NEW  FORM  OF  RADIOMETER 

In  the  previous  paper  *  a  combination  of  the  Boys  radiomicrom- 
eter  and  the  Nichols  radiometer  was  described.  The  experi- 
ments showed  that  the  combination  is  feasible,^'  but  the  time  has 
never  been  opportime  to  continue  the  experiments  to  determine  the 
proper  dimensions  of  the  suspension  and  the  field  strength  of  the 
magnets  to  attain  the  maximum  radiation  sensitivity.  Bismuth 
was  previously  employed  in  the  thermojimction;  but  it  now 
appears  that  a  short  fine  wire  of  constantan  might  prove  more 
satisfactory,  because  it  is  not  so  diamagnetic. 

Another  type  of  radiometer  (at  least  a  type  of  radiation  detec- 
tor) suggests  itself  by  taking  advantage  of  the  change  in  astati- 
dsm,  caused  by  flexure  of  the 
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vane  joining  a  pair  of  sus- 
pended magnets.  On  a  pre- 
vious page  it  was  shown  that 
the  change  in  astaticism  of  the 
galvanometer  suspension  was 
overcome  by  attaching  the 
magnets  with  a  cement  which 
is  not  hydroscopic.  This  con- 
dition may  be  reversed,  by 
joinmg  two  magnets  by  means 
of  thin  rectangular  sheets  of 
material  having  a  high  coefficient  of  expansion  (e.  g.  ebonite) 
as  shown  in  Fig.  13,  A.  The  upper  horizontal  steel  bar  (dimen- 
sions 8  by  0.3  by  0.08  mm)  is  attached  to  a  short  glass  rod 
which  carries  the  mirror.  The  (vertical)  vanes  are  painted 
black.  Two  vanes  are  used  for  symmetry,  but  only  one  is  ex- 
posed to  radiation.  The  bars  are  magnetized  before  moimt- 
ing,  and  astatized  after  the  suspension  is  completed  just  as 
is  done  with  an  ordinary  galvanometer  magnet  system.  In  Fig. 
13,  B,  is  given  a  similar  combination  of  fine  steel  wires  joined 
together  by  means  of  light  vanes,  which  takes  the  place  of  the 
vanes  in  an  ordinary  Nichols  radiometer.  This  latter  combina- 
tion has  not  yet  been  tested  to  determine  its  utility.  Some  pre- 
liminary experiments  were  made  on  a  pair  of  astatized  magnets 


*  This  BoUetin,  S9  P-  479f  1906. 
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joined  with  radiation  vanes  (receivers)  of  blackened  mica,  and 
suspended  in  a  glass  tube  by  means  of  a  quartz  fiber.  The  earth's 
field  controlled  the  equilibrium  position  of  the  system.  In  prac- 
tice, of  coiu-se,  control  magnets  would  be  used  as  in  galvanometers. 
When  one  vane  was  exposed  to  radiation  there  was  an  appreciable 
deflection.  The  experiment  showed  that  the  vane  must  be  light 
(of  low  heat  capacity)  so  that  it  will  come  to  a  thermal  equilibrium 
in  a  short  time.  Furthermore  the  experiment  showed  that  this 
method  of  measuring  radiation,  by  changing  the  astaticism  of  a 
magnet  system  by  flexure  of  the  magnets,  is  feasible.  Whether 
it  will  prove  more  sensitive  than  the  more  complicated  radiom- 
eters herein  described  remains  undetermined.  The  sensitive- 
ness will  depend,  in  part,  upon  the  astaticism  of  the  pair  of  mag- 
nets, upon  the  strength  of  the  controlling  field,  and  upon  the  length 
of  the  magnets.  The  investigation  of  these  questions  may  require 
considerable  time  before  it  will  be  possible  to  report  on  the  merits 
of  this  type  of  radiometer. 

VII.  SUMMARY 

The  present  paper  deals  with  four  instruments  for  measuring 
radiant  energy,  viz,  the  radiomicrometer,  the  linear  thermopile, 
the  Nichols  radiometer,  and  the  bolometer  with  its  axuiliary  gal- 
vanometer. 

As  a  result  of  this  historical  inquiry  and  by  experiment  it  is 
shown  that  the  radiomicrometer  is  capable  of  great  improvement 
by  reducing  its  weight,  by  lengthening  its  period,  and  by  placing 
it  in  a  vacuum.  It  was  shown  (in  a  previous  paper)  that  on 
account  of  para-  and  dia-magnetism  the  sensitiveness  of  the  short 
period  radiomicrometer  is  limited  to  perhaps  only  one-half  that  of 
the  best  vacuum  bolometers  described.  The  instrument  is  free 
from  magnetic  disturbances  which  permits  the  use  of  a  longer 
period;  and  by  placing  it  in  a  vacuum  of  o.i  mm  or  less  pressiu-e 
its  sensitivity  is  comparable  with  that  of  a  good  bolometer.  By 
properly  shielding  it  from  sudden  changes  in  temperature  and  by 
using  a  long  period  the  sensitivity  of  this  instrument  should  excel 
all  the  other  types. 

It  was  shown  that  the  Rubens  thermopile  is  only  about  one-half 
as  sensitive  as  a  bolometer;  but  it  can  be  greatly  improved  by 
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using  thinner  wires  (0.06  to  0.08  mm  diameter)  and  by  using  the 
instrument  in  a  vacuiun.  The  computed  errors,  due  to  the  Peltier 
effect,  are  about  i  part  in  300.  The  thermopile  is  not  so  well 
adapted  as  is  the  bolometer  for  instantaneous  registration  of  radi- 
ant energy,  and  it  does  not  admit  so  great  a  range  in  variation  of 
sensitivity,  but  on  accoimt  of  its  greater  steadiness  it  commends 
itself  for  measuring  very  weak  sources  of  radiation,  e.  g.,  the 
extreme  ultra-violet  and  infra-red  region  of  the  spectrum. 

A  thermopile  of  bismuth-silver  is  described.  It  is  easily  con- 
structed, and  its  sensitivity  is  from  2.5  to  3  times  that  of  the  iron- 
constantan  pile.  A  surface  thermopile  is  also  described,  the 
radiation  sensitivity  attained  being  six-sevenths  the  theoretical 
value. 

By  a  direct  comparison  it  was  shown  in  a  previous  paper  that 
the  Nichols  radiometer  can  be  made  just  as  sensitive  as  the  bolom- 
eter, but  its  period  will  be  much  longer.  It  was  foimd  that  the 
Nichols  radiometer  is  not  selective  in  its  action,  and  hence  that  it 
can  be  used  for  measuring  ultra-violet  radiation.  The  main 
objection  to  the  use  of  a  Nichols  radiometer  is  its  long  period,  but 
since  it  is  easily  shielded  from  temperature  changes  and  since  it  is 
not  subject  to  magnetic  pertiu-bations,  this  long  period  is  of  minor 
importance  so  long  as  we  are  dealing  with  a  constant  source  of 
radiation.  In  spectral  energy  work  its  usefulness  is  limited  to  the 
region  in  which  the  window  is  transparent.  The  fact  that  the 
Nichols  radiometer  deflections  can  not  be  obtained  in  absolute 
measiu-e  is  a  minor  objection,  since  in  but  few  cases  thus  far  at  least 
has  it  been  necessary  to  thus  obtain  the  deflections.  The  action  of 
a  Nichols  radiometer  is  somewhat  analogous  to  a  photographic 
plate  in  that  it  will  detect  weak  radiation,  provided  one  can  wait 
for  it,  and  on  accoimt  of  its  great  steadiness  is,  of  all  the  instru- 
ments considered,  probably  the  best  adapted  to  search  for  infra-red 
fluorescence. 

A  bolometer  installation  is  so  distributed  that  it  is  difficult  to 
shield  from  temperatiue  changes.  In  spite  of  its  small  heat 
capacity  the  bolometer  has  a  "drift"  due  to  a  slow  and  imequal 
warming  of  the  strips.  Air  currents  which  result  from  the  hot 
bolometer  strips  also  cause  a  variation  in  the  deflections  of  the 
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auxiliary  galvanometer.  Nevertheless,  despite  these  defects,  it  is 
the  quickest  acting  of  the  four  instruments  considered  and  is  the 
best  adapted  for  registering  the  energy  radiated  from  a  rapidly 
changing  source.  For  precision  work  it  is  necessary  to  keep  the 
bolometer  balanced  to  less  than  i  cm  deflection. 

A  vacuum  bolometer  is  described,  and  data  given  showing  that 
it  is  the  quickest  acting,  the  most  relaible,  and  the  most  sensitive 
of  all  the  instruments  described  having  a  short  period. 

A  storage  battery  is  described  which  gives  a  constant  cmrent, 
thus  overcoming  **  drift.*' 

The  auxiliary  galvanometer  is  the  main  source  of  weakness  in 
measuring  radiant  energy,  and  in  places  subject  to  great  magnetic 
perturbations  a  period  greater  than  5  seconds,  single  swing,  is  to 
be  avoided.  Hence,  although  a  greater  sensitiveness  is  possible, 
the  working  sensitivity  of  the  various  galvanometers  studied  is  of 
the  order  of  2  x  lO"*®  ampere  (per  mm  deflection  on  a  scale  at  i  m). 
Under  these  conditions  the  various  bolometers  used  were  (as  a  fair 
estimate  of  the  recorded  data)  sensitive  to  a  temperatvire  difference 
of  4  X  ID"*  degree  to  5  X  lO"*  degree  per  mm  deflection  on  a  scale 
at  I  meter.  The  galvanometer  sensitivity  was  found  to  be  closely 
proportional  to  the  period.  Methods  are  given  to  avoid  changes 
astaticism,  and  to  provide  effective  magnetic  shielding. 

A  direct  comparison  was  made  in  a  previous  paper  of  the 
relative  accviracy  of  the  thermopile  and  the  air  bolometer  in 
measuring  intense  and  weak  sources  of  radiation,  and  the  results 
show  that  there  is  little  preference  other  than  a  personal  one  in 
these  two  instnunents. 

The  manner  of  reducing  the  sensitiveness  of  these  instruments 
is  of  importance  in  precision  work.  The  use  of  the  rotating 
sectored  disk  for  reducing  the  intensity  of  the  source  is  liable  to 
introduce  errors  which  must  be  taken  into  accoimt.  A  new  form 
of  rotating  sector  is  described.     (See  this  Bulletin,  7,  p.  249;  191 1.) 

It  may  be  added  that  these  tests  were  made  in  a  building  which 
is  isolated  from  mechanical  and  magnetic  disttirbances,  and  hence 
tmder  the  most  favorable  conditions. 

As  a  final  remark  it  may  be  said  that  after  four  years  of  designing 
and  testing  various  radiometers  which  were  tried  out  on  various 
researches,  a  bolometric  outfit  has  been  assembled  which  (while  it 
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is  not  of  the  highest  attainable  sensitivity)  excels  all  the  other 
herein-described  radiometers  for  speed  and  accuracy.  It  consists 
of  (i)  a  vacuum  bolometer  which  is  free  from  drift  and  which 
admits  of  quickly  and  accurately  adjusting  the  sensitivity  through- 
out a  wide  range ;  (2)  a  galvanometer  of  high  sensitivity  and  well 
shielded  magnetically.  The  suspension  is  well  damped  on  2.5 
seconds  swing,  has  suflScient  weight  not  to  be  affected  by  earth 
tremors,  is  free  from  the  usual  changes  in  astaicism,  and  has  a  wide 
range  of  proportionality  of  deflection  with  cturent ;  and  (3)  a  sat- 
isfactory storage  battery. 

NOTE  I.  THE  CALLENDAR  RADIOBALANCE 

Callendar  ^  has  recently  described  an  ingenious  device  in  the 
form  of  a  thermoelectric  balance  for  the  absolute  measurement  of 
radiation.  It  consists  essentially  in  exposing  a  thermo junction, 
in  the  form  of  a  disk,  to  radiation  and  compensating  or  neutralizing 
the  consequent  rise  in  temperatiu-e  by  the  Peltier  (cooling)  effect 
which  is  induced  by  sending  an  electric  cmrent  through  the  thermo- 
couple. Another  thermojunction  in  contact  with  this  disk  indi- 
cates the  degree  of  compensation.  In  actual  practice,  in  the  disk 
form  of  radiobalance  there  are  two  disks,  Jj  and  J,  (Fig.  14,  B), 
into  which  are  soldered  iron  and  constantan  wires.  One  of  the 
vertical  wires,  P^  or  Pj,  is  joined  to  an  electric  battery  while  the 
terminals  of  the  horizontal  wires  (Fig.  14,  B)  are  joined  to  a 
d'Arsonval  galvanometer.  When  either  disk,  Jj  or  J,,  is  exposed 
to  radiation  the  galvanometer  gives  a  deflection  which  is  then 
neutralized  by  sending  an  electric  cturent  through  Pj  P^,  or  P,  Pj. 
With  a  given  instrument  the  intensity  of  the  radiation*  which  can 
be  directly  compensated  in  this  manner  by  the  heat  absorption 
due  to  the  Peltier  effect  is  limited  by  the  Joule  effect,  I*  R,  in  the 
wires  formmg  the  thermocouple.  In  practice  it  is  necessary  to 
know  (i)  the  area.  A,  of  the  aperture  admitting  the  radiation,  (2) 
the  coefficient,  P  (-TcfE/dt)  of  the  Peltier  effect  in  volts,  (3)  the 
cturent,  I,  through  the  couple,  (4)  the  neutral  cturent  I  =  P/R, 
giving  neither  heating  nor  cooling,  and  (5)  the  absorption  coeffi- 
cient, a,  of  the  blackened  surface  of  the  disk.    When  the  radiation 

^CaDendar:  Proc.  Phys.  Soc.,  London,  2t,  Pt.  I,  Dec.  15. 1910. 
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is  exactly  compensated  by  the  current,  the  intensity  of  the  radia- 
tion, H,  in  watts  per  square  centimeter  is 

aAH  =  PI  -  I'R  =  PI  (i-I/Io). 

Callendar  says  "the  chief  disadvantage  of  the  radiobaiance  is 
that  the  increase  of  the  Peltier  effect  per  i"  C  for  the  couples 
employed  is  very  nearly  o.oooi  volt  in  0.0150  volt."  It  is  therefore 
necessary  to  read  the  temperature  of  the  thermometer  to  0°  i  C. 
It  is  also  necessary  to  find  the  value  of  the  neutral  current  at 
various  temperatures.     After  these  two  calibration  curves  have 


Fig.  14 

been  worked  out  it  is  a  simple  matter  to  expose  either  one  of  the 
disks  to  radiation,  measure  the  compensating  current  with  a 
milliammeter  and  read  the  thermometer,  T,  Fig.  14. 

Callendar  has  also  described  a  cup  radiobaiance  in  which  the 
receiver  is  in  the  form  of  a  cup  about  4  mm  diameter  which  is  a 
more  complete  absorber  than  the  disk.  In  this  instnmient  the 
compensation  is  measured  by  a  series  of  thermoj  unctions  which 
are  insulated  from  the  cup. 
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The  cup  form  of  radiobalance  appeared  to  be  more  difficult  to 
construct  than  the  disk.  In  the  design  shown  in  Fig.  14,  the 
writer  therefore  placed  each  disk  J^  and  J2,  in  the  focus  of  a  small 
hemispherical  mirror,  M,  2  cm  diameter,  cut  in  a  thick  piece  of 
brass  and  then  highly  polished.  The  disks  were  5  mm  diameter 
and  about  0.25  mm  thick.  The  openings  in  the  mirrors  for  admit- 
ting the  radiation  were  5  mm  diameter,  but  they  were  covered  with 
a  metal  plate  having  apertures  2.3  mm  diameter  in  order  to  be 
able  to  compensate  the  maximimi  radiation  from  the  sun,  which  in 
this  locality  amoimts  to  about  0.12  watts  per  sq  cm  per  second. 
The  lead  wires,  P^  and  Pj,  of  constantan  (0.3  mm  diameter)  and 
iron  (0.2  mm  diameter)  were  soldered  close  together  into  the  disks 
on  a  circle  about  3  mm  diameter  and  the  ends  were  soldered  to 
copper  blocks,  P^  and  P^  which  were  mounted  upon  an  insulating 
ring,  R,  of  fiber.  This  ring  can  be  readily  attached  over  the 
hemispherical  mirrors.  The  front  of  the  instrument  was  covered 
with  a  tube  to  exclude  stray  light  and  to  hold  the  shutters  S. 

The  neutral  cmrent  depends,  of  coturse,  upon  the  resistance  of 
the  lead  wires.  Experiments  were  therefore  made  by  increasing 
the  number  of  iron  and  constantan  wires  attached  to  each  disk 
(in  Fig.  14,  B,  they  are  indicated  by  a  single  wire)  from  4  to  8  and 
the  neutral  current  was  raised  from  0.4  ampere  to  i .  2  amperes.  The 
last  design  (having  9  iron  and  6  constantan  wires  in  each  disk  and 
requiring  a  neutral  cmrent  of  i  .084  ampere  for  J^  and  i .  1 20  for  Jj 
at  25^  C)  was  given  a  thorough  test  against  a  Callendar  sunshine 
recorder  which  had  previously  been  calibrated  against  the  Abbot 
primary  standard  pyrheliometer.  In  the  first  test  (5:26:'!!)  the 
solar  constant  as  measured  with  the  radiobalance  was  5  to  6  per 
cent  lower  than  the  value  observed  with  the  sunshine  recorder.  It 
is  to  be  noted  that,  as  in  the  original  calibration  of  the  sunshine 
recorder  used  in  the  present  tests,  the  instrument  was  covered 
with  a  long  tube,  through  which  the  sun's  rays  entered  normally 
upon  the  receiving  surface.  The  solar  constant  as  meastured  with 
the  two  disks  was  in  agreement  to  less  than  i  per  cent.  It  was 
therefore  evident  that  the  radiobalance  was  giving  values  which 
were  about  5  per  cent  below  the  normal.  In  this  test  the  ends  of 
the  thermojunction  wires  were  about  2.2  mm  apart  on  the  disk. 
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They  were  then  soldered  close  together  in  the  center  of  the  disks, 
Ji»  Jj*  but  otherwise  the  instnunent  was  unchanged.  It  was  then 
found  that  the  neutral  current  in  Jj  had  increased  from  i  .084  to 
1.290  amperes  and  in  J,  from  1.120  to  1.364  amperes  at  25^  C. 
The  solar  radiation  test  was  repeated  (9 125  :'i  i)  with  the  surprising 
result  that  the  radiobalance  gave  values,  which,  although  in 
agreement  to  less  than  i  per  cent  for  the  two  disks,  were  24  to  25 
per  cent  higher  than  the  value  obtained  by  the  stmshine  recorder. 
In  the  third  trial  the  thermojimction  wires  were  separated  about 
1 .8  mm  and  the  solar  radiation  test  was  repeated  on  an  unusually 
clear  day  (10:4:'! i),  when  the  air  was  free  from  dust.  In  this 
trial  the  radiobalance  gave  values  which  were  2.7  per  cent  higher 
than  were  obtained  with  the  stmshine  recorder.  It  is  therefore 
evident  that  the  supposed  absolute  values  as  determined  with  this 
radiobalance  are  erroneous  and  that  in  the  last  trial  accident  alone 
gave  observed  value  so  close  to  the  true  one.  By  trial  one  could 
of  course  place  the  junctions  so  that  the  errors  would  be  negligible. 
While  it  is  disappointing  to  find  that  this  instnunent  does  not 
give  directly  the  intensity  of  radiation  in  absolute  value,  it  is 
possible  to  calibrate  it  against  a  known  standard,  just  as  was  done 
with  the  simshine  recorder,  when  it  should  prove  an  excellent 
secondary  standard  pyrheliometer.  The  instrument  just  described 
is  very  sensitive,  responding  quickly  to  the  passage  of  water 
vapor  which  is  not  visible  to  the  eye.  In  fact,  for  low  altitudes  it 
follows  the  variation  in  atmospheric  transmission  with  greater 
speed  than  is  desirable.  These  comparisons  are  based  on  data 
obtained,  when  at  intervals  of  two  to  four  minutes,  there  was  no 
fluctuation  in  the  atmospheric  transmission  and  when  the  ther- 
mometer reading  was  either  stationary  or  was  changing  slowly. 
Furthermore,  the  maximum  fluctuations  in  solar  radiation,  if  they 
had  been  measured,  could  not  cause  the  discrepancy  herein 
recorded.  The  niunerous  details  as  to  leakage,  etc.,  were  investi- 
gated and  the  only  thing  that  will  accoimt  for  the  results  is  the 
question  of  the  location  of  the  thermo junction  in,  and  the  temper- 
atture  gradient  of,  the  disk.  That  there  is  no  exact  temperature 
compensation  is  shown  on  testing  the  neutral  current;  for  on 
throwing  off  the  current  the  galvanometer  gives  a  deflection 
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(owing,  no  doubt,  to  the  heat  generated  in  the  wires  which  conducts 
to  the  junctions)  which  slowly  returns  to  zero.  The  cooling  effect 
is  localized  in  the  jimction  while  the  heating  effect  is  along  the 
whole  length  of  the  wires.  This  appears  to  be  the  weak  point  in 
the  instrument.  Whether  the  cup  radiobalance  gives  more  nearly 
the  true  value  in  absolute  measure  is  imdetermined.  The  meas- 
lu^ements  on  a  standard  lamp,  made  by  Callendar  using  a  disk 
and  a  cup  radiobalance,  differ  by  about  12  per  cent  (disk =0.0420 
watt  per  cm  *;  cup =0.0373  watts  per  cm '). 

This  great  variation  in  absolute  values  is  the  common  record  of 
all  the  instruments  yet  described  for  the  absolute  measurement  of 
radiation;  and,  as  mentioned  in  the  beginning  of  this  paper,  it  is 
purposed  to  continue  this  study  of  various  types  of  absolute 
instruments  and  report  on  the  relative  merits  of  the  same  at  some 
future  time. 


APPENDIX  I. 
THE  AUXILIARY  GALVAfTOMETER 

The  illiistration  of  the  galvanometer  previously  described  **  has 
been  corrected  and  modified.  It  is  drawn  to  scale  in  Fig.  15,  and 
needs  no  further  explanation  than  that  given  in  the  previous 
paper.  In  the  most  recent  work  a  strip  of  chamois  skin  is  placed 
around  the  coils,  completely  inclosing  them,  except  a  small  space 
in  front  of  the  mirror  which  is  inclosed  with  a  small  window  of 
plate  glass.  This  inclosure  is  more  effective  in  preventing  air 
currents  in  the  small  space  between  the  coils.  Because  of  the 
difficulty  in  preparing  a  straight  glass  rod,  the  mirror  is  now 
placed  on  the  center  of  the  rod  between  the  two  groups  of  magnets, 
as  shown  in  Fig.  15.  To  secure  complete  damping  on  2.5  seconds 
single  swmg,  a  short  strip  of  bolometer  platinum,  0.0007  mm  thick 
is  attached  to  the  glass  rod,  just  below  the  mirror.  Platinum  is 
used  because  it  does  not  hold  an  electric  charge  and,  because  of  its 
thinness,  it  weighs  very  little. 

The  needle  system  in  present  use  consists  of  two  groups  of 
tungsten  steel  magnets  from  1.2  to  1.6  mm  in  length,  0.2  mm  in 
width  and  o.i  mm  in  thickness.  They  are  mounted  so  that 
each  group  of  magnets  has  the  form  of  an  ellipse.  The  mirror  is 
of  thin  microscope  cover  glass  about  1.5X2  mm,  platinized  by 
cathode  discharge**  and  attached  to  the  suspension  with  soft 
wax. 

To  make  the  suspension,  the  individual  magnets  are  mounted 
upon  a  glass  plate  by  means  of  LePage's  glue.  A  little  shellac  is 
placed  on  the  glass  rod,  which  is  then  laid  upon  the  two  groups  of 
magnets.  After  the  shellac  has  dried  the  system  is  removed  from 
the  glass  plate  by  soaking  in  water.     The  groups  of  magnets  are 

**  This  Bulletin.  4,  p.  391,  1909. 

*  For  details  in  making  cathode  mirrors,  see  papers  by  Longden,  Phys.  Rev.,  11,  p.  40. 1900;  Leithauser, 
Zs.  Instk.,  28,  p.  113,  1908;  this  Bulletin.  7.  p.  197,  19x1. 
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then  coated  with  asphaltum  varnish  to  prevent  moisture  from 
being  absorbed  by  the  shellac.  The  magnets  could  of  course  be 
attached  to  the  glass  rod  by  using  only  the  asphalt. 

(a)  Sensitiyeness  of  Galvanometer. — In  addition  to  the  illustra- 
tions given  in  the  previous  paper,  of  the  great  variation  that  is 
possible  in  the  galvanometer  sensitivity  by  making  slight  changes 
in  the  suspension,  the  experience  with  a  12-magnet  (6  in  each 
group)  system  may  be  cited.  By  removing  one  magnet  from  each 
group,  thus  making  the  lo-magnet  system  shown  in  Fig.  15,  the 
sensitivity  was  increased  (by  decreasing  the  weight)  from  2.4  X  lor^* 
ampere  to  1.4  x  lO"*®  ampere  for  the  same  period  of  10  seconds 
and.by  adding  the  light  damping  vane  of  platinum  (placed  between 
the  mirror  and  the  lower  group  of  magnets)  this  sensitivity 
remained  unchanged. 

The  sensitivity  of  the  galvanometer  changes  with  the  ditimal 
changes  in  the  earth's  field,  so  that  when  the  htunidity  (which  may 
affect  the  shellac  on  the  magnets)  is  low,  it  is  not  an  uncommon 
experience  to  find  the  galvanometer  sensitivity  to  vary  10  per 
cent  dtiring  the  day,  and  have  it  return  to  practically  its  origmal 
value  by  the  following  morning.  When  the  humidity  is  high,  the 
shellac  on  the  magnets  warps  the  system,  changing  the  astatidsm 
sufficiently  to  mask  the  effect  of  the  earth's  field. 

Wooden  supports  are  also  subject  to  warping  with  changes  in 
htunidity,  which  may  shift  the  large  iron  shield  relative  to  the 
galvanometer,  thus  changing  the  astatidsm.  This  diflBculty  has 
now  been  overcome  by  having  the  galvanometer  and  its  numerous 
iron  shields  rest  upon  one  continuous  base  of  marble. 

The  sensitiveness  of  the  galvanometer  (imdamped)  is  approxi- 
mately proportional  to  the  square  of  the  period.  In  the  present 
tests  the  sensitiveness  was  foimd  to  be  proportional  to  the  period, 
owing  to  the  air  damping  of  the  light  magnet  systems,  as  shown 
in  Fig.  16,  which  gives  the  behavior  of  a  lo-magnet  system,  with 
a  platintun  vane.  It  is  just  damped  on  2.5  seconds  single  swings 
the  weight  (about  8  mg)  being  suffident  to  avoid  the  effect  of 
earth  tremors. 

In  the  small  coil  galvanometer,  the  small  mirror  limits  the  use 
of  the  scale  to  a  distance  of  1.5  to  2  m,  depending  upon  the  plane- 
ness  of  the  mirror.     In  the  Du  Bois  and  Rubens  galvanometer  the 
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mirror  is  large  and  the  high  sensitivity  of  this  instrument  is  ob- 
tained by  using  the  scale  at  a  distance  of  4.5  to  6  m.  Present 
experience  indicates  that  for  prolonged  routine  work  it  is  better 
to  use  mirrors  about  2.5  by  3.5  mm  area  and  attempt  to  gain  in 
sensitivity  by  placing  the  scale  at  2.5  to  3.5  m  instead  of  having  the 
scale  at  i  to  1.5  m,  which  is  the  Umit  for  smaUer  mirrors. 
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The  present  galvanometer  suspension  has  not  been  remagnet- 
ized  for  about  two  years.  During  this  time  the  sensitivity  has 
decreased  about  30  per  cent. 

(6)  Proportionality  of  Galvanometer  Deflections. — In  the  pre- 
vious paper**  experiments  were  described  showing  the  relations 
between  the  currents  through  the  galvanometer  and  the  corre- 
sponding deflections.  For  a  small  coil  (18  mm  diameter,  magnets 
I  mm  long)  the  deflections  were  proportional  to  the  current  up  to 


^  This  Bulletin,  4.  p.  391, 1908. 
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about  7  cm.  It  was  shown  that  by  a  judicious  selection  of  longer 
galvanometer  mag.iets,  the  proportionality  of  deflections  with 
current  may  be  made  to  hold  true  for  large  deflections  (20  to  30 
cm,  which  is  practically  the  tangent  law)  with  but  slight  loss  in 
sensitiveness  for  a  given  period.  This  is  well  illustrated  in  Fig. 
16,  which  gives  the  behavior  of  the  lo-magnet  system  (5  in  each 
group;  magnets  i  to  1.6  mm  long)  provided  with  damping  vanes 
and  used  in  the  present  galvanometer  having  20  ohm  coils  (5.09 
ohms  in  parallel;  coils  32  mm  diameter).  Here  the  proportion- 
ality holds  to  18  or  20  cm  deflection. 

(c)  Magnet  Shielding. — For  shielding  a  galvanometer  magnet- 
ically, commercial  soft  iron  pipe  about  25  cm  in  length,  and  of 
various  diameters,  known  as  *' black  nipples,**  may  be  easily 
obtained.  These  shields  usually  become  permanent  magnets  in 
handling,  and  there  is  great  difficulty  in  lengthening  the  period 
of  the  galvanometer  needle.  It  is  therefore  a  matter  of  trial  in 
placing  the  control  magnets  in  such  a  position  that  they  weaken 
the  combined  fields  of  the  shields,  and  lengthen  the  period  of  the 
galvanometer.  In  fact,  it  was  found  easier  to  place  a  short  magnet 
(steel  file)  imder  the  galvanometer  base  so  that  it  controls  the 
suspended  system  and  brings  the  mirror  into  view  of  the  observing 
telescope,  and  then  to  weaken  its  field  than  to  ovei-come  the 
complex  field  (which,  of  course,  remains  but  is  not  dominant)  of 
the  shields  by  means  of  the  control  magnets.  A  sheet  of  glass 
rests  securely  upon  the  iron  shields  upon  which  is  placed  a  magnet 
(a  large  iron  file)  of  suitable  strength.  To  weaken  the  field  of  the 
short  control  magnet,  which  is  placed  near  or  under  the  galva- 
nometer, this  large  magnet  is  rotated  about  a  vertical  axis  until  the 
galvanometer  needle,  which  is  following  this  rotation,  passes 
through  a  neutral  point,  and  rotates  in  the  opposite  direction. 
At  this  point  the  galvanometer  needle  will  take  a  long  period, 
provided  the  control  magnets  are  not  too  strong. 

For  magnetically  shielding  the  small  coil  galvanometer  (coils 
32  mm  diameter)  used  in  the  present  work,  five  sections  of  annealed 
soft  steel  pipe,  about  30  cm  long,  inside  diameter  7,  10,  15,  22,  and 
32  cm,  respectively,  and  4  to  6  mm  thick  are  used.  Within  these 
cylinders  of  soft  steel,  and  resting  on  the  base  of  this  galvanometer, 
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Fig.  15,  is  a  laminated  cylinder,  about  20  cm  high,  of  the  best 
quality  of  transformer  iron,  made  by  rolling  up  and  riveting  8 
turns  of  iron  0.4  mm  in  thickness. 

The  mirror  is  viewed  through  slits  i  cm  high  cut  into  the  shields. 
Although  slits  (borings,  flaws,  etc.)  are  considered  detrimental  *' 
it  appeared  to  make  no  appreciable  difference  in  the  shielding  to 
use  the  slits  and  mirror  far  below  the  coils,  or  to  have  the  slits  at 
the  center  as  now  used  in  viewing  the  mirror  between  the  coils, 
as  shown  in  Fig.  15. 

An  inner  shield  was  made**  from  Swedish  iron  which  had  a 
circular  hole,  bored  vertically  to  admit  the  suspended  system  and 
the  coils,  which  were  mounted  in  paraffin.  This  inner  magnetic 
shield  was  found  to  be  superior  to  the  others  just  described,  since 
it  is  easier  to  anneal  and  does  not  become  a  permanent  magnet  in 
handling.  The  shield  with  the  glass  windows  serves  as  a  further 
protection  against  air  currents.  It  is  used  with  the  20-ohm  coils 
(mentioned  in  the  previous  paper)  which  are  18  mm  diameter. 

Another  inner  magnetic  shield  is  shown  in  Fig.  17,  which  gives 
a  front  and  side  view.  It  was  made  of  two  bars  of  Swedish  iron, 
about  2.5  by  5  by  9  cm.  The  coils  are  imbedded  in  the  iron  as 
shown  in  the  dotted  lines  in  Fig.  17,  by  means  of  soft  wax,  the 
lead  wires  are  brought  out  through  glass  tubes,  t,  and  secured  by 
brass  screws,  s,  which  are  insulated  in  fiber.  This  is  about  the 
simplest  motmting  and  shield  that  one  can  make.  It  is  practically 
air  tight,  and  its  massiveness  does  not  allow  the  coils  and  the 
inclosed  air  to  follow  sudden  temperature  variations.  The  whole 
should  be  given  a  thorough  coating  of  shellac  to  prevent  minute 
scales  of  oxide,  which  are  formed  on  annealing,  from  becoming 
attached  to  the  galvanometer  needles.  The  following  is  an 
experience  of  this  kind.  The  32  mm  coils  and  suspension.  Fig.  15, 
were  mounted  in  this  shield.  It  was  foimd  that,  starting  with  a 
certain  period,  e.  g.  four  seconds,  and  the  suspension  in  the  zero 
position,  when  the  suspension  was  deflected  through  a  certain 
angle,  the  period  changed  and  the  deflection  went  off  the  scale. 
The  exact  cause  of  this  could  not  be  learned,  but  it  appeared  to 

^  Nidiob  and  Williams:  Phys.  Rev.,  t7,  p.  aso;  zgoS.  ^  This  buUedn,  4.  p.  391;  zgoS. 
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be  owing  to  a  lack  of  symmetry  of  the  distribution  of  the  iron  in 
this  shield,  which  makes  it  less  desirable  than  the  preceding  form. 
A  somewhat  similar  experience  was  encountered  with  the  (fully 
shielded)  galvanometer  illustrated  in  Fig.  17.  When  deflected  to 
the  right  tiie  needle  began  to  drift,  indicating  a  change  in  astaticism 
and  an  increasing  period.     No  effect  was  observed  when  the 
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suspension  was  deflected  to  the  left.  When  examined  imder  a 
microscope  a  small  speck  of  iron  oxide,  about  0.05  by  o.i  mm  was 
found  pivoted  on  the  end  of  one  of  the  small  magnets.  On  remov- 
ing it  the  difficulty  was  remedied.  Evidently  as  the  magnet 
system  rotated,  thus  changing  the  direction  of  the  magnetic  field 
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upon  it,  relative  to  that  which  obtained  when  in  the  zero  position, 
the  speck  of  iron  oxide  was  acted  upon  in  a  different  direction, 
and,  being  pivoted  on  the  end,  was  free  to  turn,  thus  changing  the 
astaticism  of  the  suspended  system. 

It  is  customary  to  provide  a  symmetrical  pair  of  control  magnets 
(30  to  40  cm  ab6ve  the  coils)  placed  upon  a  contrivance  which 
permits  an  independent  horizontal  rotation  and  a  vertical  motion.** 
This  is  desirable  in  work  extending  over  a  long  time,  for  the 
astaticism  of  the  needle  system  is  constantly  changing,  which 
requires  a  frequent  adjustment  of  the  control  magnets  in  order 
to  keep  a  fairly  constant  galvanometer  period.  As  already 
mentioned,  after  painting  the  magnets  with  asphaltum  (which  is 
not  hydroscopic)  or  motmting  them  therein,  and  after  securely 
mounting  the  galvanometer  and  shields  upon  a  suitable  base,  the 
writer  has  had  no  further  difficulty  with  the  change  in  astaticism. 
The  galvanometer  has  retained  a  period  of  2.5  to  3  seconds  single 
swing  for  weeks  without  adjustment. 

Washington,  December  8,  191 1. 

*  See  Wiedemaim's  "Blectridtat." 


ANTENNA  RESISTANCE 


By  L.  W.  Austin 


A  preliminary  note  on  this  subject  *  showed  that,  in  accordance 
with  the  Hertzian  theory,  the  antenna  resistance  varies  approxi- 
mately inversely  as  the  square  of  the  wave  length  up  to  a  point 
which  is  slightly  less  than  twice  the  fundamental  wave  length  dt 
the  antenna.  Beyond  this  point  the  resistance  again  rises  nearly 
in  direct  proportion  to  the  wave  length.  This  increase  in  resist- 
ance with  wave  length  is  not  explained  by  the  theory  and  is  not 
accompanied  by  any  increase  in  radiation.  It  is  therefore  supposed 
to  be  connected  in  some  way  with  the  losses  due  to  the  currents  in 
the  earth  beneath  and  in  the  neighborhood  of  the  antenna,  although 
this  view — ^that  the  earth  current  resistance  increases  with  wave 
length — is  not  supported  by  independent  investigations  of  earth 
cmrent  resistance.* 

The  pecuUar  nature  of  the  results  obtained  in  the  original  investi- 
gation, using  an  artificial  antenna,  has  made  it  desirable  to  verify 
the  results  by  other  methods.  The  circuits  employed  in  the  first 
investigation  are  shown  in  Fig.  i.  The  method,  in  brief,  is  the 
substitution  of  an  air  condenser  in  place  of  the  antenna  and  ground, 
keeping  the  inductance  common  to  both  circuits  and  introducing 
resistance  in  the  condenser  circuit  until  the  current  becomes  the 
same  as  that  observed  when  the  antenna  and  ground  were  used. 
In  the  figure  A  is  the  antenna,  E  the  ground,  L^  the  tuning  induc- 
tance, Ci  an  air  condenser  for  tuning  to  very  short  wave  lengths, 
Th  a  thermoelement,  G  a  galvanometer,  and  C,  a  variable  air 
condenser  set  at  the  capacity  of  the  antenna  to  be  measured.    A 

*  J.  of  Washington  Academy,  i,  p.  9;  19x1. 

*H.  True:  Jalirtmdi  d.  drahtloeen  Telegraphie,  5,  p.  tas;  xgia. 
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small  inductance  L,  was  sometimes  inserted  in  circuit  with  the 
condenser  C,  to  represent  the  antenna  inductance.  This  has  little 
influence  on  the  results  and  at  least  for  the  longer  wave  lengths 
may  be  perfectly  well  omitted.  Si  and  5,  are  switches  for  connect- 
mg  either  the  antenna  and  ground  or  C,  to  the  rest  of  the  circuit. 
/?  is  a  resistance  introduced  in  the  circuit  C,  to  bring  down  the 
thermoelement  deflection  to  the  same  value  as  that  observed  when 
the  antenna  and  ground  are  in  circuit.  The  high  frequency  resist- 
ance consists  of  separate  units  of  fine  constantan  wire  inserted  in 

merctiry  cups.  The  measure- 
ment circuit  is  excited  by  a 
buzzer-driven  wave  meter  W 
of  the  ordinary  type. 

The  second  method  em- 
ployed was  the  well-known 
decrement  method  of  deter- 
mining resistance.  Here  the 
antenna  was  excited  by  a  wave 
meter  of  known  logarithmic 
decrement  provided  with  a 
buzzer.  The  reading  of  the 
condenser  of  the  wave  meter 
was  noted  for  maximum  deflec- 
tion of  the  thermoelement  in 
the  antenna  and  also  when  the 
wave  meter  was  thrown  out  of 
resonance  by  an  amount  sufii- 
cient  to  reduce  the  antenna 
thermoelement  reading  to  one- 


^;« 


8i 


^VW  =h 


Fig.  1 


half.    The  expression  for  the  sum  of  the  decrements  is,  then^ 


8i  +  fii  =  w- 


C^-C 


m 


m 


where  C,»  denotes  the  condenser  reading  for  maximum  deflection 
and  C  the  reading  for  which  the  deflection  is  reduced  to  one-half. 
As  Si,  the  wave  meter  decrement,  is  known,  the  equation  serves  to 
give  the  value  of  the  antenna  decrement  8,.  The  resistance  of  the 
antenna  is  obtained  from  the  decrement  according  to  the  equation 

R  =  2nLS2. 


Ausim] 


Antenna  Resistance 


67 


A  third  method  is  based  on  the  Bjerknes  equation  of  the  current 
square  in  the  second  of  two  coupled  circuits. 


I) 


Constant 


Here  /  represents  the  R.  M.  S.  ciurent  in  a  circuit  excited  induc- 
tively by  another,  Sj  the  decrement  of  the  first  circuit,  and  &,  that 
of  the  second.  If  the  decrement  of  the  first  circuit  is  very  great 
compared  to  that  of  the  second,  the  second  term  of  the  denomi- 
nator may  be  neglected,  and 


P= 


Constant 


that  is,  doubling  the  resistance  in  the  second  circuit  will  reduce  the 
ciurent  square  to  one-half.  If  the  antenna  is  excited  by  a  highly 
damped  circuit,  the  readings  of  a  galvanometer  attached  to  a 
thermoelement  in  the  antenna  will  be  reduced  to  one-half  when  a 
resistance  equal  to  the  total  antenna  resistance  is  inserted  in  the 
antenna.  In  practice  it  is  impossible  to  obtain  an  exciting  circuit 
whose  decrement  is  great  enough  to  allow  using  this  method  in 
connection  with  an  antenna  unless  a  correction  be'  made  for  the 
second  term  of  the  denominator  of  equation  i. 

TABLE  I 

Correction  to  be  Added  to  Observed  Resistance  Required  to  Reduce  P  to 
One-half  for  Various  Ratios  of  Decrement  in  Half  Deflection  Method 


ComctiHi  (f«r  ctnt) 

3 

42 

4 

38 

5 

28 

7 

23^ 

10 

17.5 

m 

IS 

12 

20 

8.7 

30 

6J 

50 

4.2 
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Corrections  for  various  ratios  of  Sj  to  8,  are  given  in  Table  I. 
These  corrections  are  to  be  added  to  the  resistance  which  reduces 
the  value  of  P  to  one-half  to  obtain  the  actual  antenna  resistance. 
For  rough  testing  in  the  case  of  quenched  gap  sets  this  correc- 
tion may  be  taken  as  about  20  per  cent.  This  assumes  four 
waves  in  the  primary  train. 

It  is  to  be  observed  that  in  the  last  two  methods  the  resist- 
ances of  the  inductance  of  the  antenna  and  of  the  inserted  ther- 
moelement are  added  to  the  resistance  of  the  antenna  and  ground 
alone  as  measured  by  the  artificial  antenna  method.    The  high 


0HM8 
to 


l!^20 


s 


t. 


J 

J 

\ 

I 

^ 

7 

^ 

^ 

BUREAU  OF  STANDARDS 

•_       DECREMENT 

>  1 1     1     1  n^ur  V 

CtAL  ANTENNA 

6C 

)0           10 

00 

16 

00         20 

00 

M 

WAVE-LENQTH 
Rg.2 

frequency  resistance  of  the  inductance  at  short  wave  lengths  may 
amount  to  considerable,  therefore  it  is  to  be  expected  that  these 
methods  will  give  higher  values  than  the  one  first  used. 

Measurements  by  these  three  methods  have  been  made  on  the 
antenna  at  the  Bureau  of  Standards  and  the  results  are  shown 
in  Fig.  2.  As  was  to  be  expected  from  what  has  been  already 
said,  the  artificial  antenna  method  gives  in  general  the  lowest 
values,  while  the  decrement  method  gives  a  curve  lying  above 
the  artificial  antenna  curve  showing  a  difference  of  a  little  more 
than  I  ohm  at  the  longer  wave  lengths,  and  for  the  shorter  wave 
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lengths  a  stUl  greater  diflFerence  on  accotint  of  the  increase  in  the 
resistance  of  the  antenna  inductance  with  decreasing  wave  length. 
The  half  deflection  method  gives  a  curve  which  follows  the  decre- 
ment curve  closely  at  the  shorter  wave  lengths  and  the  artificial 
antenna  curve  at  the  longer  wave  lengths.  This  is  undoubtedly 
due  to  errors  in  the  determination  of  the  ratio  of  the  decrements 
in  the  quenched  gap  and  antenna  circuits.  These  errors  are  not 
at  all  surprising  when  it  is  remembered  that  the  decrement  of  a 
spark  circuit  has  been  shown  by  experiment  to  be  not  by  any 
means  logarithmic  in  its  character.^ 
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Of  the  three  methods,  that  of  the  artificial  antenna  is  imdoubt- 
edly  the  most  accurate,  while  that  of  the  half  deflection  is  the 
least  so.  The  latter,  however,  is  by  far  the  simplest  for  ordinary 
station  testing,  as  it  may  be  appUed  without  the  use  of  any  extra 
apparatus,  the  readings  being  taken  with  the  regular  hot  wire 
meter,  sufficient  suitable  high  frequency  resistance  being  added 
to  reduce  the  square  of  the  antenna  meter  ciurent  to  one-half.* 

>  J.  Zcnneck:  Ann.  der  Phys.,  It,  p.  8aa;  1904. 

*  For  wave  lengths  above  500  meters  it  may  be  assumed  without  great  error  that  the  high  frequency 
resistance  of  No.  90  (0.81  millimeters)  Advance  or  manganin  wire  is  the  same  as  its  direct-current  resist- 
ance. The  resistance  must  of  course  be  made  up  noninductivdy  and  preferably  in  a  number  of  separate 
msts.    This  wire  wiU  cany  7  to  8  amperes  without  heating. 
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Since  the  preliminary  paper  was  published,  the  resistances  of  a 
large  number  of  antennas,  both  at  shore  stations  and  on  ships  ci 
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the  United  States  Navy,  have  been  measured  by  the  artificial 
antenna  method.    The  results  of  some  of  these  are  shown  by  the 
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curves  of  Figs.  3  to  7.    The  curves  in  general  are  self-explana- 
tory, indicating  that  the  minimum  resistance  in  a  well-installed 
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ship  set  should  not  rise  much  above  2  ohms.  It  appears  to  be 
di£ficult»  if  not  impossible,  to  bring  the  resistance  of  land  stations 
as  low  as  this.  The  irregularities  in  the  curve  of  the  Signal 
Corps  antenna  installed  above  the  roof  of  the  Mills  Building  in 
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Washington  show  clearly  the  effects  of  resonance  in  the  metal 
portions  of  the  building,  while  the  curve  for  the  harp  antenna  at 
the  Washington  Navy  Yard  shows  a  large  increase  in  resistance 
at  the  point  where  it  is  in  resonance  with  the  main  antenna  ci 
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the  wireless  station.  These  two  examples  prove  the  necessity  of 
taking  care  that  no  wave  length  used  shall  correspond  to  the 
period  of  any  metallic  structure  in  the  neighborhood  of  the 
antenna,  such  as  the  steel  masts  and  rigging  of  ships. 
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TABLE  n 


DofMU  <i  Stmdttdg. 


WaJhlngtMi  Ntvjr  Yard  (niMdl 

U.aaiCiUiM 

U.  a  a  IfaMMlniMtti 


Antomui  typa 


Hup... 
Flat  top. 

do.. 

Hup... 
Ftaltop. 
do.. 


Lcncdi 

(inotefs) 


42.6 
44.5 
85 

51.8 
S2.9 
24.4 


0.00126 
.00171 
.00232 
.00073 
.00125 
.00110 


Hdcbi 

(inotefs) 


54.8 
39.6 
44.2 
54.8 
38.4 
39 


The  observations  for  this  paper  have  been  taken  for  the  most 
part  by  my  assistants,  Mineratti  and  Scanlon,  chief  electricians, 
United  States  Navy. 

U.  S.  Naval  Radiotelegraphic  Laboratory, 

Washington,  March  i,  191 2. 


ENERGY  LOSSES  IN  SOME  CONDENSERS 

HIGH-FREQUENCY  CIRCUITS 


By  L.  W.  Aiiitm 


The  following  experiments  have  been  carried  out  for  the  ptupose 
of  determining  the  energy  losses  in  different  types  of  sending  con- 
densers, including  compressed  air,  Leyden  jars  in  air  and  immersed 
in  oil,  paper  condensers,  and  molded  condensers  (composition 
dielectric) ,  all  used,  with  the  exception  of  a  few  experiments,  at  a 
maximum  voltage  of  14  500  volts,  this  being  a*  voltage  which  is 
frequently  employed  in  the  newer  wireless  sets  of  the  United  States 
Navy,    In  most  of  the  tests  the  condensers  were  of  approximately 


Ci 


I 


G* 


1 


I 


B 


rO^ 


Rg.l 

0.006  microfarad  capacity  and  the  wave  length  was  about  1000 
meters.  Current  was  taken  from  the  city  mains  at  60  cycles  and 
raised  to  the  necessary  voltage  by  means  of  an  open-core  trans- 
former. 

Two  forms  of  circuit  were  used  in  the  experiments.  The  first 
form,  in  which  an  absolute  determination  of  the  losses  of  the  com- 
pressed-air condenser  was  made,  is  shown  in  Fig.  i.  In  this 
circuit  A  contains  a  quenched  gap  G  of  the  Teleftmken  type,  a  con- 
denser consisting  of  seven  Leyden  jars  in  air,  and  an  inductance 
sufficient  to  produce  a  wave  length  of  1000  meters.  To  this  was 
coupled  the  testing  circuit  proper  B,  which  was  made  up  of  the 
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condenser  under  test,  an  inductance,  and  a  hot-wire  ammeter. 
The  inductance  was  of  the  flat  strip  Fessenden  type  and  consisted 
of  a  coil  of  30  tiuns,  19  cm  in  diameter  and  8  cm  in  length,  of  which 
about  12  ttuns  were  used.  The  phosphor-bronze  strip  of  which 
the  coil  was  composed  was  0.62  cm  wide  and  o.  1 3  cm  thick,  the  wide 
dimension  being  perpendicular  to  the  axis  of  the  coil.  This 
method  of  winding  gives  great  compactness  with  large  current- 
carrying  capacity,  but  has  the  disadvantage  of  placing  a  consid- 
erable amount  of  metal  at  right  angles  to  the  lines  of  magnetic 
force,  thus  tending  to  produce  eddy  ciurents.  The  hot-wire 
ammeter  was  of  the  6-ampere  General  Electric  t3rpe  and  was 
provided  in  most  cases  with  a  shimt,  the  shtmt  ratio  being  deter* 
mined  for  the  frequency  used.    The  high-frequency  resistances 
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Fig.  2 

were  of  manganin  wire  0.081  cm  in  diameter  inserted  in  merciuy 
cups.  These  wires  had  the  same  direct  current  and  high-frequency 
resistance  at  the  frequencies  used,  as  was  determined  by  special 
experiments.  Wave  length  and  decrement  measurements  were 
made  in  the  usual  way  by  means  of  a  wave  meter  with  thermo- 
element and  galvanometer. 

The  second  form  of  circuit  is  shown  in  Fig.  2  and  is  identical 
with  the  first  form  except  that  the  quenched  gap  circuit  is  omitted 
and  a  parallel  cylinder  spark  gap  is  introduced  into  the  testing 
circuit.  The  spark  gap  consisted  of  two  parallel  cylinders  of  zinc 
adjustable  for  distance  and  parallelism.  In  this  form  of  gap  the 
spark  runs  from  point  to  point  instuing  good  insulation  after  each 
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discharge  without  the  use  of  a  blower  when  a  moderate  amount 
of  power  is  used.  The  spark  voltage  was  determined  by  a  parallel 
micrometer  gap. 

The  Leyden  jars  furnished  for  the  test  were  all  of  them  of  the 
copper-coated  type.  Two  types  were  furnished  by  the  Wireless 
Specialty  Co.,  type  i  having  a  somewhat  heavier  copper  coating 
than  type  2.  The  Mosdcki  condensers  were  of  their  well-known 
form  incased  in  brass  tubes  with  the  glass  thickened  at  the  edges 
of  the  conducting  coatings  and  with  these  edges  covered  by  an 
insulating  liquid.    The  paper  condenser  was  of  a  well-known  make. 

LOSSES  IN  THE  COMPRESSED-AIR  COin>ENSER 

The  apparatus  in  this  experiment  was  arranged  as  shown  in 
Fig.  I ,  the  object  being  the  absolute  determination  of  the  resistance 
of  the  standard  compressed-air  condenser  already  described.  The 
data  of  the  experiment  are  given  in  Table  I.  According  to  this 
the  resistance  of  the  condenser  is  0.14  ohm.^  It  is  not  certain  that 
this  is  all  a  resistance  in  the  condenser  proper,  but  it  may  consist 
partly  of  contact  resistance  and  may  be  also  in  part  due  to  eddy 
current  losses,  owing  to  the  proximity  of  the  large  metal  case  of 
the  condenser  to  the  rest  of  the  circuit.  The  amount  may  quite 
possibly  be  in  error  by  0.05  ohm. 

TABLE  I 
Resistance  of  Compressed-Alr  Condenser 

[Quenched  sap  exdution.    See  Pig.  z] 

CapMily aoOSTSmi 

todudance O-OSlnli 

Wife  tanglli 1020  m 

Votts,  nuudmnm 14  500 

TnrtiKfmca (inmiuwkl) i...  0. 39 oluii 

Laadfl  and  aummlaf  (maaaiiwd)..... O-ZSolmi 

Deuement  ol  dfcnlt  phis  wafa  mator 0.058 

Paciainant  of  wava  matef •  ••.. 0. 032 

Daciament  af  dicoit. 0.026 

Hartrtanoa  of  cliciill 0.  TSaliiii 

ffaalilmce  at  compcaaaad-alr  candanaar 0.14  ohm 

^In  Mme  other  experiments  with  a  different  arranccment  o<  apparatus  a  loss  equivalent  to  as  omdi  m 
aas  ohm  waa  observed  in  the  air  condenser. 
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The  arrangement  of  the  apparatus  is  shown  in  Fig.  2.  The 
equivalent  resistance  of  the  condensers  was  determined  as  follows: 
The  current  in  the  main  circuit  was  first  measured  with  a  Fessen- 
den  compressed-air  condenser  of  0.00575  microfarad  capacity. 
This  being  taken  as  a  standard,  the  current  was  next  determined, 
using  the  condensers  to  be  tested,  the  capacity  always  being 
approximately  the  same  as  the  compressed  air.  The  switch  was 
then  shifted  so  as  to  throw  the  compressed-air  condenser  again 
into  circuit  and  suflScient  manganin  resistance  wire  placed  in 
circuit  to  reduce  the  ciurent  to  the  same  value  as  that  observed 
with  the  condenser  being  tested,  this  resistance  representing  the 
difference  between  the  compressed  air  and  the  condenser  under 
test.  In  order  to  take  accotmt  of  the  slight  variations  in  current, 
observations  of  the  ammeter  were  made  every  5  seconds  for  50 
seconds  and  the  average  taken.  To  give  an  idea  of  the  degree  of 
steadiness  of  the  current  and  the  accuracy  of  the  observations, 
the  record  of  one  complete  set  is  given  in  Table  II.  It  was 
fotmd  necessary  at  the  close  of  each  set  of  readings  to  clean  the 
gap,  as  otherwise  the  readings  became  less  regular  and  in  general 
the  resistance  of  the  gap  increased. 

TABLE  n 

Ammeter  Readings  for  Three  Wireless  Specialty  Jars  in  Air,  and  Com- 

pressed-Air  Condenser 

[14  500  y<^.    Wave  tength  xooo  m.    Current  about  8  amperes] 


W.  S.  (1) 

C.  A. +0.9  ohm 

W.  S.  (1) 

C.  A.+0.8  obm 

44 

44 

44 

45 

43.5 

44.5 

44 

45 

44 

43 

44 

44.5 

44 

43.5 

44.5 

44.5 

44.5 

43.0 

44 

44 

44 

43.5 

44.5 

45 

44 

43 

43.5 

44.5 

44 

43.5 

44 

45 

44 

43.5 

44 

45 

43.5 

44 

44.5 

45 

43.95 

43.55 

44.10 

44.75 

DUtonnee  In  iealrtanc»-0.86ohma. 


Austin] 


High-Frequency  Condenser  Losses 


77 


TABLE  m 
Condenser  Resistances  at  Constant  Voltage 

[Volts  -■  14  500  (max. )    Current  -■  7-8  amp.    Wave-tength  -■  zooo  m  (about)] 


L«)Filen  Jan  in  atr: 

WirelaM  tpeclilty  (1) 

Wiralenapeciatty(2) 

Ttfafunkan.. 

Unitod  wiraleM 

ICMdckKapedaliar) 

Papof  ■ »..».... ................ 

Mnrdock  (molded  oondenaon) 

Molded  mkanlto 

WireloM  apeciatty  (2)  in  oil 

OtaaaplateainolL 

Yeooenden  compreaaed  air 


Unita 

*W 

3 

0.00603 

3 

.0060S 

3 

.00612 

2 

.00603 

1 

.00548 

1 

.00580 

3 

.00535 

3 

.0041 

3 

.00605 

2 

.0042 

1 

.00575 

1.06 
1.19 
1.S9 
1.83 
0.57 
2.19 
0.41 
2.91 
0.28 
0.58 
0.14 


Table  III  contains  the  comparison  of  various  condensers  with 
the  Fessenden  compressed-air  condenser  at  14  500  volts. 

In  order  to  determine  the  actual  resistance  of  the  condensers 
as  given  in  the  table  it  was  necessary  to  add  to  the  resistance 
difference  observed  the  resistance  of  the  compressed-air  condenser 
and  a  small  correction  for  the  diflFerences  in  current  due  to  slight 
differences  in  capacity.  A  curve  for  this  purpose  was  determined 
experimentally.  In  the  case  of  the  paper,  the  molded  condenser, 
and  the  jars  and  plates  in  oil,  brushing  was  for  the  most  part 
prevented  by  their  construction.  Their  losses,  therefore,  are  in 
the  dielectric.  The  rather  high  energj*^  loss  of  the  jars  in  air  is 
chiefly  a  brush  loss. 

COMPARISON  OF  CONDBNSERS  AT  VARIOUS  VOLTAGBS 

The  decrement  of  the  circuit  containing  the  three  wireless 
specialty  jars  in  oil  was  measured  at  voltages  from  4700  to  18  500 
volts,  the  apparatus  being  arranged  as  in  Fig.  i .  The  results  are 
given  in  Table  IV.  It  is,  seen  that  there  is  no  certain  change  in 
the  decrement  between  these  limits  of  voltage.  Similar  experi- 
ments were  also  carried  on  with  glass  plates  in  oil,  the  compressed- 
air  condenser,  and  with  the  Murdock  molded  condensers  with  the 
same  result. 
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TABLE  IV 
Leyden  Jars  in  Oil  at  Variotis  Voltages 


Volte  (iimlimuB). 


4700 
a043S 


7100 
a0440 


11400 
0.0445 


14500 
a0445 


18500 

a0445 


Next  a  comparison  was  made  at  various  voltages  between  three 
jars  in  oil  and  three  jars  in  air  of  equal  capacity,  the  circuits  of 
Fig.  I  being  used.  The  method  of  comparison  was  the  same  as 
that  used  in  Table  III.    The  results  are  shown  in  Table  V  and 


Olima 
1J 

1.2 

1.1 

1.0 

0.9 

0.8 

^ 

y 

y 

^ 

^ 

^ 

;H 

^ 

7^ 

^ 

)^ 

0.7 
0.6 
0.5 

y 

^ 

-0 — 

3> 

^ 

y"' 

0^< 

y^ 



10. 


15. 


20. 


25. 


30. 
Fig.  3 


35. 


40. 


45.        50.x  10' V* 


Fig.  3.  The  table  and  figure  indicate  that  the  losses  of  the  jars 
in  air  increase  approximately  as  the  square  of  the  voltage '  from 
10  000  volts  where  the  brushing  becomes  noticeable  up  to  about 
22  000  volts.  Above  this  point  the  increase  becomes  more  rapid. 
It  was  observed  that  the  glass  at  the  edges  of  the  conducting 
coatings  became  very  hot  above  this  voltage  and  it  seems  probable 
that  here  the  internal  losses  begin  to  increase  rapidly. 


s  Ptemiiig:  Proc.  Phys.  Soc.  of  London,  28,  p.  1x7;  19x1. 
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Volto  (uMilmuu)  V 

V» 

RMistiiiM  (clmis) 

10X10* 

lOXlO' 

0.4 

12 

14.4 

as 

16 

25.6 

•a7 

18 

32.4 

0.9 

20 

4ao 

1.1 

22 

48.4 

1.3 

From  Table  V  a  conclusion  may  be  drawn  which  is  contrary  to 
the  ordinarily  accepted  view;  that  is,  that  up  to  about  20000 
volts  the  brushing  losses  are  not  reduced  by  placing  jars  in  series 
if  the  capacity  and  voltage  remain  the  same.  For  if  one  jar  be 
replaced  by  four  jars  in  parallel  series,  the  voltage  on  each  jar  is 
reduced  to  one-half  and  the  loss  per  jar  to  one-fourth.  The 
brushing  siuface  is  increased  four  times,  therefore  the  total  loss 
remains  the  same.  An  experiment  carried  out  at  about  15  000 
volts  proved  that  this  conclusion  was  correct. 

Another  fact  which  was  observed  in  coimection  with  these 
experiments  is  not  so  easily  explained.  It  was  foimd  that  the 
losses  in  Uyden  jars  with  only  their  edges  immersed  in  oil  are 
considerably  greater  than  when  the  whole  conducting  surface  is 
covered.  This  result  is  opposed  to  the  idea  that  the  air  losses  lie 
wholly  at  the  edges  of  the  conducting  coatings.  Observations 
were  also  made  during  the  test  on  losses  in  jars  which  had  remained 
for  a  long  time  in  oil  imder  constant  use  and  also  on  jars  which 
had  been  placed  in  oil  and  were  afterwards  used  in  air  without  a 
thorough  cleaning.  In  the  first  case  it  was  foimd  that  when  heavy 
oils  were  used  there  was  a  certain  tendency  toward  carbonization 
at  the  edges  of  the  conducting  coatings,  producing  a  slight  increase 
in  resistance  with  time.  This  effect  was  much  more  marked  when 
the  oil-covered  jars  were  afterwards  used  in  air.  When  these  jars 
with  the  carbonized  oil  at  the  edges  of  the  plates  were  replaced  in 
oil  the  losses  continued,  often  amounting  to  an  equivalent  resist- 
ance greater  than  that  of  clean  jars  in  air.  This  shows  the  neces- 
sity of  keeping  the  glass  around  the  edges  of  the  conducting  plates 
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of  condensers  thoroughly  clean.'    When  condensers  are  immersed 
m  oil  this  should  be  of  a  noncarbonizing  variety. 

SUMMARY 

Under  the  conditions  of  these  experiments  the  following  results 
were  obtained : 

1 .  The  losses  in  the  compressed  air  condenser  used  amount,  at 
a  pressiure  of  15  atmospheres,  to  an  equivalent  resistance  of 
between  o.i  and  0.2  ohms. 

2.  Condensers  in  which  brushing  is  prevented  by  the  nature  of 
their  construction  show  no  change  in  resistance  between  the  limits 
of  observation,  4000  to  20  000  volts,  indicating  that  the  internal 
losses  are  independent  of  voltage. 

3.  Ley  den  jars  of  commercial  types  immersed  wholly  in  oil 
show  losses  but  slightly  greater  than  those  of  the  compressed-air 
condenser. 

4.  The  paper  and  micanite  condensers  measiuretd  show  very 
much  larger  losses. 

5.  The  resistances  of  the  different  Leyden  jars  in  air  vary 
between  i  and  1.8  ohms  at  14500  volts.  Between  10  000  and 
20  000  volts  the  equivalent  resistance  increases  approximately  in 
proportion  to  the  square  of  the  voltage. 

6.  Placing  Leyden  jars  in  parallel  series,  the  capacity  remaining 
the  same,  does  not  diminish  their  brushing  losses  below  20000 
volts. 

7.  Immersing  only  the  edges  of  the  conducting  coatings  of 
Leyden  jars  in  oil  gives  an  equivalent  resistance  midway  between 
that  observed  when  wholly  in  air  or  wholly  in  oil. 

8.  Brushing  losses  are  much  increased  by  any  semiconducting 
material  on  the  surface  of  the  glass  at  the  edges  of  the  conducting 
coatings  of  Leyden  jars. 

I  wish  to  express  my  obligations  to  my  assistants,  Minerratti 
and  Evans,  chief  electricians  of  the  United  States  Navy. 

U.  S.  Naval  Radiotelegraphic  Laboratory, 

Washington,  March  i,  191 2. 


'The  great  difference  in  brushing  losses  observed  in  different  specimens  of  glasses  is  perhaps  due  to  the 
differences  in  their  hygroscopic  diaracter. 
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I.  RADIATION   CONSTANTS   OF  PLATINUM 

In  a  previous  paper  *  the  most  important  so-called  constant,  or, 
of  spectral  radiation  of  various  metals  was  investigated,  on  the 
assumption  that  the  spectral  energy  distribution  followed  a  law 
similar  to  that  of  a  perfect  radiator,  but  with  diflFerent  constants. 
It  was  fotmd  that  the  supposed  constant,  a,  had  a  temperature 
coefficient;  and  the  investigation  was  continued. 

In  a  subsequent  paper  *  -the  problem  was  tmdertaken  from  the 
standpoint  of  the  spectral  reflecting  power  of  various  metals;  and 
an  explanation  was  given  of  the  cause  of  the  variability  of  a  with 
temperatiu-e.  This  explanation  is  based  upon  the  fact  that  if  the 
reflecting  power  (and  hence  the  absorptivity)  were  uniform 
throughout  the  whole  spectrum,  the  emission  would  be  that  of  a 
"gray  body."  Hence  the  position  of  the  maximum  emission, 
\maxf  should  shift  uniformly  with  rise  in  temperature  toward  the 
shorter  wave  lengths,  and  the  intensity  of  the  maximum  emission 
should  increase  according  to  the  equation,  Enax—BT*.  But  the 
reflecting  power  of  metals  has  a  temperature  coefficient*  which  is 
quite  marked  in  the  infra-red,  beyond  30/A,  and  which  decreases 
to  a  negligible  quantity  at  3/A  to  4/*.     Furthermore  the  reflecting 

>  This  Bttlletin,  6,  p.  339;  1909. 
t  This  Bulletin,  7,  p.  197;  1910. 
*  Hagcn  and  Rubens,  Phys.  Zs.,  11,  p.  139;  19x0. 
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power  of  metals  is  low  in  the  visible  spectrum  and  increases 
rapidly  to  a  fairly  constant  value  beyond  3/4.  For  the  tempera- 
tures at  which  the  investigation  was  made  the  maximum  emission, 
En^axf  shifted  from  the  region  of  2. 5/4  to  3.5/A,  where  the  reflecting 
power  is  uniform  and  the  temperature  coefficient  of  reflection  is 
negligible,  to  the  region  of  1.2  to  1.5/A  where  the  reflecting  power 
decreases  (absorptivity  and  hence  emissivity  increases)  very 
rapidly  with  wave  length.  Consequently,  at  low  temperatures, 
when  \max  is  in  the  region  of  2.5  to  3. 5/4,  the  Emax  should  increase 
as  required  by  Wien's  equation  (E»a« = BT*) ;  but  at  high  tem- 
peratures, with  the  X^ax  in  the  region  of  1.2/A,  the  Emax  will  have 
increased  by  BT*  plus  the  increment  resulting  from  the  decrease 
(i.  e.  increase  in  emissivity)  in  spectral  reflecting  power.  In  other 
words,  the  value  of  E^ax  is  larger  than  it  would  be  if  the  reflecting 
power  at  i.2/i  were  the  same  as  at  3/a,  and  consequently  the  value 
of  a  varies  (decreases)  with  rise  in  temperature. 

In  renewing  the  investigation  there  was  therefore  no  expecta- 
tion of  determining  a  radiation  constant,  a;  but  it  was  purposed 
to  determine  a  series  of  spectral  energy  curves  as  accurately  as 
possible,  and  to  determine,  if  possible,  one  or  more  temperature 
coeflBcients,  which  applied  to  the  constants  of  the  Wien  equation 
would  cause  the  theoretical  curve  to  fit  the  observed  energy  ciu-ve 
at  both  low  and  high  temperatures. 

In  order  to  determine  the  temperature  of  the  radiating  metal 
(platinum,  tungsten,  etc.)  it  was  the  intention  to  use  a  long  tube 
of  elliptical  cross  section  and  to  sight  into  the  interior  by  means 
of  an  optical  pyrometer  somewhat  after  the  methods  carried  out 
by  Waidner  and  Burgess.*  It  was  difficult  to  attain  a  high  tem- 
perature because  on  heavy  cmrents  the  electrical  stresses  caused 
the  tubes  to  collapse.  In  the  meantime,  Mendenhall  ^  published 
results  indicating  that  the  temperature  determined  by  sighting  an 
optical  pyrometer  into  a  V-shaped  fold  in  a  strip  of  metal  is 
closely  the  true  temperature  of  the  metal.  This  procedure  is 
much  simpler  than  the  use  of  a  long  hollow  tube,  and  it  was  deemed 
sufficiently  accurate,  for  the  problem  in  hand,  to  measure  the  tem- 
peratures by  sighting  an  optical  pyrometer  into  the  V-shaped 

*  Waidner  and  Burgess:  This  Bulletin.  S,  p.  163;  1907. 

*  Mendenhall:  A8tioi>hy8.  J.,  SS,  p.  91;  19x1. 
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space  which  was  given  an  aperttire  of  a  little  less  than  10®.  At 
high  temperatures,  the  electrical  stresses  decreased  the  opening 
still  fiulher;  and  on  account  of  this  difficulty  it  was  not  possible 
to  operate  strips  that  were  more  than  3  cm  in  length  on  a  current 
of  more  than  30  amperes.  The  radiating  strip  of  metal  was  4  mm 
wide;  formed  by  folding  a  strip  8  mm  wide  and  0.02  mm  in  thick- 
ness. It  was  held  securely  and  vertically  between  two  heavy 
brass  terminals.  To  the  lower  terminal,  which  was  movable  to 
take  up  the  expansion,  a  small  weight  was  usually  attached  to 
keep  the  strip  taut.  No  radiation  other  than  that  from  the  central 
portion  of  the  strip,  i  to  1.5  cm  in  length,  could  fall  upon  the 
prism  face. 

The  spectral  energy  curves  were  determined  by  means  of  a 
vacuum  bolometer,*  mirror  spectrometer,  and  a  fluorite  prism. 
The  bolometer  strip  was  0.6  mm  wide  and  subtended  an  angle  of  4'. 

Three  series  of  spectral  energy  curves  were  obtained  in  which 
the  temperatures  were  measured  with  an  optical  pyrometer.  In 
the  first  series,  I  to  X,  inclusive,  the  length  of  the  platinum  strip, 
between  the  terminals,  was  4.8  cm  and  the  temperattire  varied 
from  1004®  to  1442®  C.  In  the  second  series,  XI  to  XV,  inclusive, 
the  length  of  the  strip  was  2.7  cm  and  the  temperature  varied 
from  1353^  to  1691^.  This  series  gave  higher  values  of  the  con- 
stant product  \naxT  than  the  third  series,  Xyi  to  XVIII,  inclusive, 
in  which  the  length  of  the  strip  was  2.8  cm  and  in  which  the 
temperatures  were  all  lower,  varying  from  1056®  to  1337^.  This 
indicates  that  the  value  of  the  "constant"  was  aflfected  only  by 
the  surface  condition  (i.  e.,  not  the  length)  of  the  platinum  strip — 
which  becomes  rough  at  high  temperatures — ^and  not  by  the  radi- 
ation from  the  cooler  ends,  for  it  is  to  be  understood  that  the 
temperature  of  the  short  radiators  is  uniform  over  only  about 
10  to  15  mm  of  the  central  part  of  the  strip.  The  strips  attained 
their  maximum  temperature  in  a  few  mmutes  and  were  easily 
maintained  at  a  given  temperature  by  means  of  an  ammeter  in 
series  with  the  storage  battery.  Owing  to  the  thinness  of  the 
metal,  air  currents  caused  the  temperature  of  the  strip  to  fluctuate 
several  d^;rees,  so  that,  although  a  higher  accuracy  was  attainable 
with  the  pyrometer,  the  errors  in  meastuing  the  temperatures  were 

*  This  Bulletin,  7,  p.  197;  19x0;  9*  p.  7;  1913. 
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estimated  at  3°  to  5®  at  low  temperatures  and  8°  to  10®  at  high 
temperatures.  These  errors  are  of  coiu^e  dependent  upon  the 
width  of  the  opening  of  the  V-shaped  aperture,  which  had  a  tend- 
ency to  decrease  at  high  temperatures,  thus  affecting  slightly  the 
"blackness"  of  the  radiation  and  especially  the  accuracy  in 
matching  the  filament  of  the  pyrometer  upon  the  smaller  V-shaped 
opening  in  the  platintun  strip.  It  will  be  noticed  presently  that 
other  difficulties  enter  into  the  work  which  are  of  greater  impor- 
tance than  those  involved  in  the  temperature  measurements. 

Because  of  the  defects  in  this  method  of  using  the  platinum  strip, 
and  hence  of  temperature  measurement,  a  series  of  12  energy* 
curves  was  obtamed,  in  which  the  temperatures  were  measured  by 
means  of  a  potentiometer  and  a  Heraeus  thermocouple,  of  wires 
0.1  mm  in  diameter.  The  thermocouple  was  surrounded  with  a 
sheet  of  mica  0.04  mm  in  thickness,  and  no  leakage  could  be 
detected  at  high  temperatures  which  ranged  from  746^  to  1509®  C. 
To  preclude  any  error  due  to  the  cooling  effect  on  the  junction 
by  thermal  conduction  along  the  wires,  the  thermocouple  was 
folded  back  and  forth  several  times  in  order  to  heat  a  considerable 
length  of  the  wires.  The  same  kind  of  platinum  was  used  as  in 
the  preceding  method.  The  strip,  3.5  cm  in  length,  was  mounted 
in  the  V-shaped  form  previously  used.  After  inserting  the  ther- 
mocouple, the  strip  was  pressed  flat  and  its  edges  imited.  Thus 
all  the  operations  were  the  same  as  before,  excepting  that  the 
temperatures  were  meastu-ed  with  a  thermocouple  instead  of  an 
optical  pyrometer. 

In  this  series  the  greater  heat  capacity  of  the  radiator  and  the 
smaller  exposed  surface  reduced  the  temperatm^  fluctuations 
caused  by  air  currents;  but  a  new  difficulty  arose  in  that  the 
temperature  of  the  radiator  did  not  remain  constant  when  the 
heating  current  was  constant.  This  was  most  marked  at  high 
temperatures  when  evaporation  of  the  platinum  became  more 
rapid.  As  m  the  preceding  series  in  which  the  temperatures  were 
meastu-ed  with  an  optical  pjrrometer,  the  "radiation  constants" 
were  found  to  depend  on  the  temperature.  The  variation  in  the 
value  of  \na9T  with  temperattu-e  is  more  uniform  than  in  the  pre- 
ceding series  owing  to  the  increased  accuracy  in  measuring  the 
relative  temperatures,  as  may  be  noticed  in  Fig.  3. 
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A  number  of  the  best  curves  reduced  to  the  normal  spectrum 
are  given  in  Table  I  and  Table  II.  The  correction  factors  for 
reduction  to  the  normal  curve  are  also  given.  These  factors 
include  the  variation  in  dispersion  (the  slit  width,  **s.  w.");  the 
variation  in  reflecting  power  {R;  /?•  for  three  mirrors) ;  the  variation 
in  reflecting  power  with  angle  of  incidence  upon  the  prism  face 
(fj ;  rj*  for  two  faces) ;  and  the  loss  by  reflection  at  normal  inci- 
dence from  the  fluorite  bolometer  wmdow  and  the  fluorite  prism 
(r,;  fj*  for  four  siufaces).  The  last  two  corrections  are  com- 
puted by  means  of  the  well-known  Fresnel  equations,  from  the 
refractive  indices  and  the  angle  of  incidence  of  the  energy  upon 
the  prism  face. 

The  radiation  sensitivity  of  the  bolometer  was  easily  kept  con- 
stant while  observing  a  given  spectral  energy  curve;  but  no 
attempt  was  made  to  obtain  all  the  energy  ctu-ves  at  the  same 
sensitivity.  Hence  the  relation  between  curves  obtained  on 
different  days  is  not  known.  Fiulhennore,  it  is  not  required  in 
the  computations  herein  employed.  The  computations  of  the 
constants  are  based  upon  the  assumption  that  the  mathematical 
equation  of  the  spectral  energy  curve  is  similar  to  the  Wien 

equation ; 

E^C^X'^'e-^^'^ 

from  which  it  follows  that 

X^Xmax 


max 


\naxT  ==Coxist;        ^       =]r-      e 

The  computations  of  X^ax  ^^^  of  a  are  obtained  from  equations 
(4)  and  (5)  of  the  previous  paper  ^  and  need  not  be  repeated  here. 
It  was  there  shown  that  there  are  no  real  "constants";  in  other 
words,  that  the  equation  expressing  the  spectral  energy  distribu- 
tion is  more  complex  than  the  one  asstuned  in  the  computations* 
In  the  previous  observations  the  platinum  strip  was  in  an 
evacuated  glass  bulb.  The  operating  temperatures  were  not  so 
high,  and  the  platinum  strip  retained  its  original  high  polish. 
The  values  of  a  decreased  from  8  to  6.2  for  a  change  in  \f^g  from 
2.2/A  to  1.9/A,  while  in  the  present  work,  in  air  with  the  platinum 
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surfaces  deteriorating  (which  is  supposed  to  "blacken"  the  radia- 
tion. This  would  decrease  the  value  of  a  at  any  given  tempera- 
ture; but  this  does  not  appear  to  affect  the  temperature  coeflficient 
of  a,  as  may  be  noticed  by  the  order  in  which  the  energy  curves 
were  observed — see  Fig.  3 ;  XV  and  XVIII) ,  the  values  decreased 
from  6.6  to  6.0  for  the  same  change  in  Xmax*  i.  e.,  in  temperature. 
There  are  several  reasons  for  this  difference,  the  principal  one 
being  the  highly  polished  surface  of  the  strip  previously  used,  which 
would  increase  the  value  of  a.  In  Fig.  i  (temperatures  by  means 
of  optical  pyrometer,  A;  thermocouple,  B)  are  shown  graphically 
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1600'C. 


the  results  of  the  computations  of  a  for  various  temperatures,  and 
for  various  values  of  \  taken  from  the  same  spectral  energy  curve; 
also  the  mean  value,  <$ ,  of  all  the  computations  of  a,  of  which 
only  a  few  of  the  individual  values  are  shown  at  each  temperature. 
The  variations  from  the  mean  are  rather  large,  and  occasionally 
even  the  mean  value  lies  far  from  the  curve,  e.  g.,  Fig.  i-B,  at  750^ 
for  a  and  Fig.  3-A  for  XmaxTt  but  in  both  cases  the  spectral  energy 
curves  were  poor,  and  hence  should  perhaps  not  have  been  com- 
puted at  all.  Both  series  A  and  B,  Fig.  i ,  show  that  in  the  tem- 
perature range  of  1 100^  to  1400®  the  value  of  a  is  of  the  order  of 
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5.8  to  6.0.  It  is  difficult  to  determine  how  much  of  this  variation 
in  a  is  owing  to  roughening  of  the  surface  (which  is  supposed  to 
"blacken",  i.  e.,  change  the  quaUty  of,  the  emissivity)  and  how 
much  is  the  result  of  the  temperature  coefficient  of  emission,  which, 
however,  is  small  in  this  region  of  the  spectrum.  As  already  men- 
tioned the  variation  in  a  is  probably  affected  to  the  greatest 
extent  by  the  shift  of  the  maximum  emission  into  the  region  of 
the  spectrum  where  the  reflecting  power  decreases  rapidly  with 
wave  length. 

The  value  of  Xf^x  is  given  in  Fig.  2  for  the  optical  pyrometer 
temperatures  and  energy  curves  (I  to  XVIII)  and  the  thermo- 
couple (i  to  12)  temperatures  and  energy  curves.  In  this  curve 
the  ordinates  are  the  computed  values  of  X^ax  which  result  from 
taking  different  values  of  \  (and  X,)  as  explained  in  the  previous 
paper.  ^  All  of  these  curves  show  a  minimum  which  shifts  toward 
the  shorter  wave  lengths  with  rise  m  temperature. 

If  we  take  a  "black  body"  spectral  energy  curve  (at  1500°  C) 
and  multiply  its  ordinates  ( =  emissivity)  by  the  absorbing  power 
(100— Reflection)  of  platinum,  then,  from  the  resulting  curve, 
compute  the  value  of  \max  for  different  values  of  \  (and  \)  we 
obtain  the  heavy  curve  shown  in  Fig.  2,  Ft.  This  likewise  has  a 
minimum,  which  would  be  still  more  marked  if  we  had  assumed 
a  temperature  coefficient  of  emission  for  the  values  of  X,  in  the 
region  of  4fi  to  jfi  as  observed  by  experiment. 

This  minimum  in  \maxf  which  usually  Ues  in  the  region  of  3.0/i 
to  3.2/i,  is  not  in  the  region  of  atmospheric  absorption  bands  (at 
2.7ft  to  3.0A*)  and  it  is  not  to  be  found  in  the  spectral  energy  curves 
of  a  uniformly  heated  inclosure,  or  so-called  "black  body."  The 
explanation  offered  for  its  occurrence  is  based  upon  the  high  tem- 
perature coefficient  of  emission  in  the  region  of  4/1  to  jfi  and  the 
rapid  change  in  emissivity  which  must  follow  a  shifting  of  the 
maximum  of  the  spectral  energy  distribution  into  the  region  of 
1.5^  to  1.2/1,  where  the  reflecting  power  of  platintun  undergoes  a 
rapid  decrease  with  wave  length.  In  the  region  of  3.0,1  to  3.5/i 
there  is  no  marked  temperature  coefficient  of  emission,  and  the 
reflecting  power  is  fairly  imiform.  Hence  in  this  region  of  the 
spectrtun  there  is  no  marked  change  in  the  emission  with  rise  in 
temperature,  other  than  that  which  would  result  if  platinum  were 
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a  "gray  body."  The  emissivity  should  therefore  be  a  minimum 
in  this  region,  and  when  computing  \f^ax  from  a  value  of  Xi  in 
which  the  corresponding  value  of  X,  falls  in  the  region  of  3.2/i 
there  follows  a  low  value  of  X^a«-  For  the  same  reason,  the  values 
of  a  are  very  irregular  when  computed  for  various  values  of  \. 
It  is,  of  course,  to  be  tmderstood  that  the  low  value  of  \fnax  for 
values  of  X3  in  the  region  of  3/1  is  owing  partly  to  atmospheric 
absorption  bands  at  2.7/1,  The  observed  energy  curves  are  more 
or  less  distorted,  depending  upon  the  temperature ;  and  to  a  more 
marked  d^;ree  than  seems  possible  as  the  result  of  experimental 
errors.  Whether  this  is  the  true  explanation  remains  to  be  de- 
termined. 

The  various  values  of  \naxT  are  given  in  Fig.  3  for  the  optical 
pyrometer  temperatures  A  and  the  thermocouple  temperatures 
B.  In  each  series  the  mean  values  (  0  0  0  )  of  all  the  computa- 
tions (from  4  to  8  on  each  curve)  of  Xmax  and  also  the  aforesaid 
minimum  values  (...)  are  given.  The  value  of  ^maxT  in- 
creases gradually  from  2400  (mean  value)  at  700°  to  2620  (2690  for 
thermocouple)  at  1500°  C.  These  values  are  independent  of  the 
order  in  which  the  energy  curves  were  determined,  showing  that 
the  change  in  the  quality  (the  ** blackening")  of  the  radiation  is 
a  true  temperature  effect  and  not  one  resulting  from  the  roughen- 
mg  of  the  surface  with  evaporation.  To  the  writer  the  latter 
explanation  seems  far-fetched^  because  the  optical  constants  of 
each  particle  of  the  roughened  surface  are  the  same  as  before 
(viz,  that  of  platinum),  and  the  roughening  is  not  of  sufficient 
depth  to  produce  a  cavity  within  which  the  radiation  can  become 
"blackened"  by  internal  reflection. 

In  the  lower  part  of  Fig.  3  are  shown  the  different  values  of 
\mxT  as  observed  by  Paschen.*  They  increase  in  a  line  parallel 
with  those  herein  described.  Paschen  did  not,  however,  consider 
this  a  real  variation.  The  numerical  values  are  4  per  cent  lower, 
owing  probably  to  a  difference  (50°)  in  the  temperature  scale, 
and  especially  to  a  difference  (0.09;*)  in  the  dispersion  curve  of 
fluorite.  An  examination  of  his  "Table  XIV"  shows  that  the 
values  of  ^max  pass  through  a  minimum  in  the  same  manner  as 
found  in  the  present  work.  Fig.  2. 

•  Paschen:  Ann.  d.  Phys.  (3).  M,  p.  696;  1896. 
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The  theoretical  curves  for  platinum  computed  on  the  basis  of 
Wien's  equation,  using  a— 6  at  iioo^  C  and  a— 5.6  at  1500^  C, 
agree  fairly  well  with  the  observed  curves  in  both  cases,  being 
too  high  in  the  r^on  of  3/i,  intersecting  them  in  the  r^on  of 
4.5/i,  and  hence  falling  below  the  observed  etudes  in  the  region 
of  5/i  to  6/i. 

The  spectral  energy  curves  obtained  by  the  two  methods  of 
operation  are  given  equal  weight;  for  in  the  optical  pyrometer 
series  (e.  g.,  energy  ciu^e  X)  the  temperature  sometimes  changed 
or  the  platinum  strip  collapsed,  while  in  the  thermocouple  series 
the  temperature  changed  as  already  explained.  The  errors  in  the 
work  are  not  to  such  a  great  extent  owing  to  the  difficulty  in  making 
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the  temperature  measurements  as  in  heating  the  platinum  strip. 
The  values  of  X^,T  are  somewhat  higher  by  the  thermocouple 
measurements.  This  might  be  the  result  of  one  or  more  of  several 
causes :  (i)  Lack  of  "  blackness  "  of  the  radiation  from  the  platinum 
strip,  which  would  give  pyrometer  readings  which  are  too  low; 
(2)  the  surface  of  the  platinum  in  the  thermocouple  meastirements 
being  colder  than  the  center,  would  give  a  X^,  which  is  too  large 
for  the  true  temperature;  (3)  the  greater  roughness  of  the  platinum 
surface  in  the  thermocouple  series  would  increase  the  **  blackness  " 
of  the  radiation,  thus  giving  a  X^^  which  is  too  large. 

The  lack  of  "blackness"  of  the  radiation  from  the  V-shaped 
opening  might  have  been  tested  by  determining  the  melting  point 
of  the  strip  by  means  of  the  optical  pyrometer.     But  the  strip 
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collapsed  when  heated  above  1 700°,  and  the  nature  of  the  radiat- 
ing properties  of  platinum  did  not  appear  to  warrant  an  attempt 
to  establish  acciu^ate  numerical  values  of  these  constants. 

It  is  to  be  noticed  that  the  values  of  a  are  obtained  by  a  method 
which  is  independent  of  the  temperature  meastu-ements.  The 
mean  value  of  a  for  a  given  temperature  is  not  markedly  different 
for  the  two  methods  of  determination. 

It  is  to  be  noticed  that  sometimes  the  same  energy  curve  gave 
a  good  value  of  a  and  a  poor  value  of  X^^T.  This  is  owing  to  the 
fact  that  (e.  g.,  the  value  of  curve  X,  Fig.  y-A)  the  energy  cmve 
was  poor  in  the  region  of  3;*  to  sa*,  which  affected  the  X^j.,  but 
was  good  in  the  region  of  i  a*  to  211,  from  which  region  was  obtained 
the  value  of  E^ax  used  in  computing  a. 

The  two  independent  methods  used  in  investigating  the  so-called 
radiation  constants  (a,  which  is  obtained  without  a  knowledge  of 
the  temperature,  and  \naxT)  lead  to  the  same  conclusion  that  there 
are  no  real  **  constants  "  for  metals  (platinum) ,  as  announced  in  the 
previous  communication.  The  value  of  a = 6  and  \maxT  =  2600 
are  therefore  applicable  only  in  work  which  does  not  require  high 
acciu-acy. 

It  is  purposed  to  inquire  into  the  total  radiation  of  metals  to 
learn  whether  it  is  possible  to  obtain  a  more  accurate  temperature 
coefl&cient  of  emission  for  a  than  it  is  possible  to  obtain  from  the 
data  herewith  presented. 

In  conclusion,  acknowledgment  is  due  Mr.  U.  F.  Rosen  for  the 
computations  involved  in  this  research,  the  experimental  part  of 
which  was  carried  out  about  eight  months  ago. 

n.  EMISSION  SPECTRA  OF  NEON,  HELIUM,  AND  MERCURT 

The  spectral-energy  distribution  of  the  radiation  from  various 
gases  in  vacuum  tubes  and  from  metalic  vapors  in  the  carbon 
arc  was  given  in  a  previous  paper.'  The  main  object  of  the  investi- 
gation was  to  determine  the  location  of  the  strongest  emission 
lines  in  the  spectrum.  It  was  foimd  that  in  all  cases  the  most 
intense  lines  lie  just  beyond  the  red  (in  the  region  of  0.8/i  to  i  .o^t) 
and  that  in  the  region  of  i  .5a*  to  3.5^*  there  was  a  complex  radiation 

*  Ph3^cal  Review,  28,  p.  i;  1906.    Carnegie  Publication  No.  35;  X909- 
82208° — 13 7 
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which  was  weak  in  intensity  and,  usually,  unresolved  with  the 
spectrometric  apparatus  employed.  Subsequent  experimenters, 
using  a  larger  dispersion,  have  succeeded  in  resolving  this  latter 
region  into  separate  lines,  which  in  their  spectral-series  relations 
are  found  to  be  a  continuation  of  the  lines  in  the  visible  spectnun. 
The  dispersion  of  the  present  spectro-bolometric  apparatus  (mirror 
spectrometer,  fluorite  prism,  and  vacuum  bolometer)  was  not 
sufficient  to  enable  one  to  locate  the  individual  lines.  However, 
a  vacuum  tube  containing  neon  being  available,  it  was  deemed 
of  interest  to  continue  the  inquiry  as  to  the  location  of  the  most 
intense  emission  lines.  At  the  present  stage  of  our  knowledge 
of  the  subject  but  little  can  be  said  of  the  application  of  these 
data.  The  subject  may  be  summarized  by  stating  that  in  spark 
spectra  the  most  intense  lines  are  situated  in  the  ultra-violet; 
that  in  arc  and  vacuum  tube  spectra  the  most  intense  lines  are 
situated  just  beyond  the  red;  and  that  in  the  spectra  of  solids 
the  maximum  emission  Ues  far  m  the  mfra-red  but  shifts  rapidly 
toward  the  visible  with  rise  in  temperature. 

The  prismatic  (x  x  x)  and  the  normal  (...)  spectral  energy 
curves  of  neon  are  given  in  Fig.  4,  from  which  it  may  be  noticed 
that  the  maximum  emission  lies  within  the  group  of  lines  in  the  red 
of  which  the  line  at  0.64/i  is  the  brightest  to  the  eye.  The  intensity 
of  the  line  or  group  of  lines  in  the  region  of  0.8;*  is  only  about 
one-twentieth  that  of  the  red.  A  slight  emission  was  observed 
at  1. 1  A*.  Beyond  this  point  no  radiation  was  observed  for  the 
current  (0.008  ampere,  capillary  tube  i  mm  diameter)  at  which 
the  tube  was  operated.  No  doubt  more  lines  will  be  observed  on 
more  intense  excitation,  but  this  will  not  modify  the  observations 
as  to  the  location  of  the  maxunum  emission.  From  the  data  at 
hand  it  appears  that  the  maximum  emission  at  0.64^*  is  not  due 
to  the  lack  of  resolution  of  a  group  of  lines,  as  compared  with  the 
maximtun  at  0.86^*,  but  that  it  is  a  property  of  this  gas.  This 
appears  to  be  the  only  gas  on  record  in  which  this  property 
obtains. 

The  spectrum  of  helitun  consists  of  fewer  lines  than  that  of 
neon,  the  most  prominent  one  (visually)  being  the  yellow  line  at 
0.5876^4.  Radiometrically,  however,  conditions  are  quite  different. 
The  red  lines  are  then  fotmd  to  be  as  intense  as  the  yellow  line. 
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The  most  intense  line  lies  at  1.083;*,  as  shown  in  Fig.  4.  The 
intensity  of  a  weak  line  at  2.05/i  is  only  0.05,  and  the  yellow  line 
{0.5S7 fi)  is  only  o.i  the  value  of  the  line  at  1.083/t. 
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Fig.  4 

It  is  well  known  that  only  a  small  fraction  of  the  energy  expended 
in  such  gases  as  helium,  xenon,  etc.,  is  required  to  excite  neon  to 
light  emission.    Since  the  energy  put  into  the  gas  must  come  out 
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again  in  some  manner  (mostly  as  radiation  of  various  wave- 
lengths) and  since  but  little  of  the  radiation  emitted  by  neon  is  in 
the  infra-red,  an  explanation  is  at  hand  of  the  small  energy  input 
(high  efficiency)  required  to  excite  this  gas  to  light  emission. 

The  Itmiinous  efficiency  of  vacuum  tube  radiation  (air,** 
nitrogen,  carbon  dioxide,  helium,  etc.)  is  of  the  order  of  15  to 
20  per  cent,  or  perhaps  even  much  lower,  owing  to  the  great 
amount  of  infra-red  radiations  emitted.  In  marked  contrast  with 
these  gases  is  neon,  in  which  the  infra-red  is  almost  entirely  absent, 
so  that  its  Ituninous  efficiency  is  of  the  order  of  80  to  90  per  cent. 
The  color  of  this  light  is  a  rich  crimson. 

In  conclusion,  it  may  be  noticed  that  the  spectrum  of  neon  is 
composed  of  numerous  fine  lines,  more  than  60  of  which  lie  between 
the  red  and  yellow  helium  lines  (0.5876^*  and  0.7065^*).  With  a 
larger  dispersion  the  shape  of  the  curve  wiU  necessarily  change 
tmtil,  when  final  resolution  is  attained,  each  spectral  line  will  give 
a  more  sjonmetrical  energy  curve,  as  observed  (Fig.  4)  at  1.083;* 
for  helium.  There  is  sufficient  reason  for  believing  that  the 
emission  lines  in  neon  are  just  as  numerous  at  0.8;*  to  i  ,0/1  as  they 
are  in  the  visible  spectrum,  so  that  whatever  the  dispersion,  the 
same  energy  distribution  wiU  obtain  as  here  observed,  viz,  that 
the  strongest  lines  occur  in  the  region  of  0.6;*  to  0.7;*  of  the  visible 
spectrum.     In  this  respect,  as  already  stated,  neon  is  imique. 

The  prismatic  energy  distribution  of  a  Heraeus  quartz-mercury 
lamp  is  given  in  Fig.  5  for  different  values  of  energy  constunption. 
The  lamp  used  (end  on)  was  of  the  i  lo-volt  type,  being  7  cm  in 
length,  the  electrodes  having  cooling  wings  of  thin  sheet  copper. 
With  the  fluorite  prism  and  mirror  spectrometer  used  in  making 
the  observations  the  green  and  yellow  lines  (0.546/i  and  0.576;*, 
respectively)  are  completely  resolved  so  that  the  relative  inten- 
sities are  as  shown  in  Fig.  5.  The  two  lines  at  1.014;*  and  1.128;* 
are  not  resolved,  as  shown  in  ciuve  a,  so  that  apparently  the 
intensities  are  as  great  as  is  the  yellow  line.  In  the  normal  spec- 
trum the  intensities  of  these  lines  would  be  much  less  than  one- 
fourth  (slit  width  at  i.o;*  is  about  4  times  the  value  at  0.58;*)  the 
yellow  line.    The  mercury  spectnun  is  therefore  similar  to  the 
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neon  spectrum  in  having  the  strongest  emission  Imes  in  the 
visible  spectnmi. 

It  is  well  known  that  the  green  mercmy  line  is  easily  excited 
to  light  emission  so  that  the  hot  merctuy  shaken  back  and  forth 
in  the  quartz  lamp  emits  a  beautiful  greenish  light.  On  excita- 
tion the  yellow  line  increases  rapidly  in  intensity.    This  is  well 
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Fig.  5. — Mercury  vapor 


illustrated  in  Fig.  5.  Using  an  energy  input  of  42  watts  the 
green,  the  yellow,  and  the  line  at  i.oia*  (unresolved),  are  of  prac- 
tically the  same  intensity.  On  81  watts  the  yellow  line  is  1.4 
times  and  on  103  watts  it  is  1.7  times  the  intensity  of  the  green 
line  (the  observations  are  joined  by  dotted  lines  for  convenience 
in  illustration)  while  the  infra-red  grows  in  proportion  with  the 
yellow  line.  It  is  of  course  known  from  the  work  of  Kiisch  and 
Retschinsky,"  and  of  Pfliiger  "  that  lines  belonging  to  a  given 

u  K^adi  awi  Rftscfainsky:  Ann-  dcr  Phys.  (4).  SO*  p.563;  1906.    Pfliiger:  Ann.  dcr  Phys.  (4),  M,  p.  789; 
1908. 
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spectral  series  increase  in  intensity  in  the  same  proportion;  and 
that  for  different  spectral  series  lines  the  increase  in  intensity  is 
different  for  the  same  energy  input.  The  present  data,  however, 
furnish  instructive  information,  not  previously  at  hand,  as  to  the 
cause  of  the  decrease  in  luminous  eflSciency ,  after  exceeding  a  given 
energy  input,  which  according  to  Kiisch  and  Retschinsky  is  about 
0.18S  w.  p.  m.  h.  c.  This  is  owing  to  the  rapid  increase  in  inten- 
sity of  the  emission  lines  in  the  infra-red  as  compared  with  the  blue 
and  green  lines.  The  intensity  of  the  yellow  line,  increasing  as  it 
does  in  the  same  proportion  as  the  infra-red,  is  not  suflScient  to 
counterbalance  the  loss  by  radiation  in  the  infra-red,  and  the  result 
is  a  decrease  in  the  ratio  of  the  Ituninous  to  the  total  radiation. 

m.  EMISSIVITY  OF  DIFFERENT  PARTS   OF  AN 

ACETYLENE  FLAME 

In  a  previous  paper  "  it  was  shown  that  in  the  spectral  energy 
curve  of  an  acetylene  flame  viewed  flatwise,  the  maximtun  emission 
at  1 .25ft  is  twice  the  height  of  the  maximum  at  4.35;*;  and  that  for 
the  flame  viewed  edgewise  the  ratio  is  5.5.  The  emission  maxuna 
of  the  flame  viewed  edgewise  are  shifted  about  0.05;*  toward  the 
longer  wave  lengths,  viz,  at  1.30A*  and  4.40^*,  respectively. 

In  the  visible  spectrum  the  spectral  energy  curves  of  the  flame 
viewed  flatwise  and  edgewise  were  found  to  be  superposable,  as 
one  would  expect;  for  the  color  of  the  flame  appears  to  be  inde- 
pendent of  the  thickness  of  the  radiating  layer. 

In  a  subsequent  examination  made  by  Messrs.  Beatty  and 
Crittenden,  using  the  same  apparatus  (vacutun  bolometer,  fluorite 
prism,  and  spectrometer)  the  spectral  energy  curve  given  m  Fig.  6 
was  obtained.  The  lower  part  of  the  flame  radiated  flatwise  into 
the  spectrometer  sUt.  The  chief  interest  m  this  curve  is  that  the 
maximum  at  1.15;*  which  is  caused  by  the  radiation  from  the 
carbon  particles  is  only  about  0.7  the  height  of  the  CO.maximum 
at  4-35A*-  The  shift  of  the  latter  maximtun  from  4.40^*  to  4.35M  is 
to  be  ascribed  to  a  lower  temperature;  for  the  position  of  this 
maximum  is  a  fimction  of  the  temperature.  The  shift  in  the 
maximum  from  1.25^  to  1.15^1  is  the  result  of  the  rapid  decrease 
in  emissivity  with  thickness  of  the  radiating  layer,  in  the  spectral 
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region  from  1.5;*  to  2. 5 a*,  where  the  radiation  is  far  less  saturated 
than  in  the  visible  spectrum.  This  brings  out  the  small  emission 
band  of  CO3  at  2.75^  which  was  obliterated  by  the  more  intense 
emission  of  the  thicker  radiating  layer  of  carbon  particles,  observed 
in  the  previous  paper.  In  Fig.  6  the  crosses  (x  x  x)  illustrate 
the  relative  heights  of  these  two  emission  maxima  when  the  flame 
radiated  edgewise  into  the  spectrobolometer.  Here  the  ratio  of 
the  two  maxima  is  3,  as  compared  with  the  values  of  0.7  to  2, 
when  the  flame  was  viewed  flatwise. 
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Fig.  6. — Acetylene  flame 
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Evidently  the  wide  variations  in  the  radiant  efiiciency  of  the 
acetylene  flame,  as  obtained  by  various  observers  by  integrating 
the  spectral  energy  curves,  is  to  be  explained  on  the  basis  of  such 
evidence  as  herewith  presented. 

It  was  deemed  of  interest  to  investigate  this  subject  further 
in  connection  with  the  question  of  the  combustion  of  gases  in 
flames.  The  question  investigated  was  the  relative  intensities  of 
these  two  maxima  (carbon  particles  and  carbon  dioxide)  in 
different  regions  of  the  flame.  Because  of  the  lack  of  intensity  it  is 
very  difficult  to  observe  the  complete  spectral  energy  curve  of  a 
small  part  of  the  flame.    Accordingly  only  the  (prismatic)  maxima 
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of  emission  were  observed.  A  flat  and  a  cylindrical  flame  were 
examined.  In  the  burner  used  (Von  Swarz  **  Perfection,"  pre- 
viously described)  the  flat  flame  is  produced  by  two  cylindrical 
jets  of  ignited  gas  impinging  at  an  angle  of  90^.  This  leaves  a 
(transparent)  nonluminous  region  4  to  5  mm  in  diameter  at  the 
base  of  the  flame,  as  shown  in  Fig.  7-A. 


2  3  4  5CM. 

DISTANCE  FROM  BASE  OF  FLAME 

Pig.  7. — Acetyltne  flamt 

The  flame  was  placed  back  of  a  metal  screen  with  a  hole  in  it 
3  mm  high  and  2  mm  wide.  An  image  of  the  illtuninated  slit 
was  projected  upon  the  spectrometer  slit  by  means  of  a  short 
focus  mirror.  The  flame  was  motmted  upon  a  carrier  having  a 
graduated  scale,  which  enabled  the  operator  to  raise  or  lower  the 
flame  before  the  opening  in  the  metal  screen. 

Two  series  of  observations  were  made  on  the  flat  flame  on  the 
regions  shown  by  the  small  rectangles  (I,  II)  in  Fig.  "^-A,  Start- 
ing with  the  slit  at  the  base  of  the  flame,  with  the  spectrobolo- 
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meter  set  on  X— 1.37^  and  gradually  lowering  the  flame,  a  series 
of  observations  was  made  as  shown  in  the  lower  part  of  Fig.  ^-B, 
Resetting  the  flame  (slit  at  the  base  of  the  flame)  and  placing  the 
bolometer  in  the  region  of  4.40^*  a  similar  series  of  observations 
was  obtained.  The  first  maximmn  emission,  at  5  mm  from  the 
base  of  the  flame,  comes  from  the  cylindrical  jets,  and  the  lowest 
emission  comes  from  the  dark  spot,  rf,  of  the  flame.  Fig.  7-^4. 
The  carbon  particles  have  their  maximmn  emission  2  cm  above 
the  base  while  the  CO,  emission  continues  very  strong  several 
centimeters  above  the  luminous  flame.  The  minimtmi  emission 
of  the  CO,  at  4.40^*  appears  to  be  situated  several  millimeters 
above  the  nonluminous  spot,  rf.  Fig.  ^-A . 

The  radiation  from  the  cylindrical  flame  was  similarly  observed, 
Fig.  7-C.  It  is  of  interest  to  note  that  at  the  base,  where  com- 
bustion begins  but  where  the  flame  is  almost  nonluminous,  the 
CO,  (CO?)  already  emits  considerable  energy.  Furthermore,  the 
carbon  particles  emit  but  little  in  the  hazy  region  2  cm  above  the 
base,  where  the  luminosity  seems  to  be  somewhat  similar  to  the 
radiation  from  incandescent  carbon  dioxide  in  vacuum  tubes. 
Of  course  there  is  no  discontinuous  spectrum  as  fotmd  in  the 
vacuum  tube  discharge  through  CO,.  Perhaps  it  would  therefore 
be  better  to  consider  this  glow  similar  to  the  hazy  outline  at  the 
base  of  a  Bunsen  flame.  The  CO,  emission  continues  strong  for 
some  distance  above  the  luminous  part  of  the  flame. 

In  the  upper  part  of  Fig.  ^-D  is  given  the  ratio  of  emission 
of  these  two  curves  (7-B  and  7-C;  £  at  i.37aa-^-E  at  4.4A*))  from 
which  it  is  easy  to  see  how,  in  integrating  over  a  large  area  as  was 
done  in  obtaining  the  spectral  energy  curves  of  Fig.  6,  the  relative 
height  of  the  two  maxima  depends  upon  the  position  of  the  flame 
before  th^  slit. 

The  data  at  hand  are  too  meager  to  consider  the  question  of 
"liuninescence"  in  the  hazy  Imninous  region  at  the  top  of  the 
flame,  where  the  emission  of  the  carbon  particles  became  im- 
measurably small.  From  this  preliminary  survey  it  appears 
highly  desirable  to  have  a  more  thorough  examination  of  various 
kinds  of  flames. 
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IV.  VARIATION  OF  EMISSIVITY  WITH  THICKNESS  OF  THB 

RADIATING  LAYER— OXIDES 

In  a  previous  paper"  experimental  data  were  given  on  the 
radiating  properties  of  various  metals  in  which  only  the  super- 
ficial conditions  (refractive  index,  reflecting  power,  etc.)  were 
involved. 

In  a  later  paper "  experiments  were  described  on  the  variation 
in  the  spectral  emission  with  variation  in  thickness  of  the  radiating 
layer,  as  exemplified  in  the  acetylene  flame  and  in  the  Welsbach 
mantle.  Attention  was  called  to  the  fact  that  in  nonmetals  the 
emissivity  is  dependent  mainly  upon  the  absorptivity  which  in 
turn  depends  upon  the  thickness  of  the  radiating  layer.  The 
investigation  included  a  study  of  the  acetylene  flame  radiating 
flatwise  and  edgewise  into  the  spectrobolometer ;  also  the  Wels- 
bach mantle  heated  to  incandescence  in  the  usual  way  and  the 
same  material  formed  into  a  solid  rod  and  heated  electrically. 

In  connection  with  these  experiments  it  was  of  course  desirable 
to  obtain  quantitative  data  on  the  variation  in  emissivity  of 
some  (pure)  oxides  with  thickness.  For  this  purpose  samples 
of  the  same  kind  of  glower  material,  squirted  into  rods  of  various 
diameters,  were  prepared  under  standard  conditions. 

The  glowers  described  in  the  present  experiments  were  squirted 
and  baked  by  the  Westinghouse  Nemst  Lamp  Co.,  after  which 
suitable  platintun  terminals  were  attached  and  covered  with 
regular  glower  paste.  After  tliis  the  glowers  were  seasoned  by 
operating  them  at  a  high  temperature  for  five  to  six  hoiu^.  The 
lengths  of  the  glowers,  determined  experimentally,  were  such  that 
they  could  be  started  on  a  ii8  volt  a.  c.  circuit  by  preheating 
with  a  blast  lamp.  The  generator  (rotary  converter)  was  operated 
on  a  storage  battery  to  insure  a  constant  voltage.  The  alter- 
nating ciurent  was  used  instead  of  direct  current  to  avoid  the 
transference  of  platinum  from  the  terminals  into  the  glower, 
which  occurs  with  heavy  glowers.  Suitable  ballast  rheostats 
were  placed  in  series  with  the  glowers,  the  lengths  of  which  varied 
from  8  mm  for  the  one  which  was  0.385  mm  diameter  to  18  mm 
for  the  glower  which  was  2.150  mm  diameter.    After  starting  the 
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glower,  the  terminal  voltage  dropped  to  99  volts  (0.20  ampere)  for 
the  thimiest  glower,  and  to  70  volts  (1.86  amperes)  for  the  thickest 
glower.  A  voltmeter  was  kept  across  the  termmals  and  an 
ammeter  was  in  series  with  the  glowers. 

All  the  glowers  were  set  to  the  same  emissivity  against  a  stand- 
ard Nemst  glower  which  in  previous  work"  had  been  set  to  the 
same  color  as  a  1.2  w.  p.  m.  h.  c.  tmigsten  lamp.  By  placing  the 
thin  glowers  one  at  a  time  in  front  of  a  thick  glower,  which  was 
kept  at  a  constant  voltage,  it  was  an  easy  matter  to  vary  the  volt- 
age of  the  former  until  they  disappeared  against  the  thick  glower. 
In  this  calibration  the  glowers  were  set  to  the  same  emissivity  by 
viewing  them  through  red,  green,  and  blue  glass.  Usually  there 
was  no  marked  variation  in  the  voltage  readings  when  making 
these  settings,  using  differently  colored  glass. 

All  these  glowers  were  intercompared  at  the  completion  of  the 
investigation,  and  it  was  found  that  the  calibration  had  not 
changed.  This  was  to  have  been  expected,  for  the  filaments  had 
been  thoroughly  seasoned  and  each  one  had  been  operated  but  a 
short  time. 

A  number  of  experiments  might  be  performed  with  these 
glowers.  One  might,  for  example,  study  the  candle  power,  efl5- 
ciency,  etc.  For  the  present,  experiments  were  made  only  on  the 
shape  of  the  spectral  energy  curves  as  modified  by  the  change  in 
thickness  of  the  radiating  layer.  This  gives  the  loss  in  efficiency 
resulting  from  the  preponderating  increase  in  emission  in  the 
infra-red  spectrum.  (Other  methods  will  be  necessary  to  deter- 
mine the  losses  by  conduction.)  For  this  purpose  the  glowers 
were  adjusted  at  a  suitable  distance  before  the  slit  of  the  vacuum 
spectrobolometer.  No  attempt  was  made  to  secure  the  same  solid 
angle  of  radiation  upon  the  prism  face,  for  all  the  glowers  had  been 
set  to  the  same  emissivity  in  the  visible  spectrum,  by  optical 
methods,  and  the  only  requirement  was  to  use  the  glowers  at  the 
voltages  observed  in  obtaining  the  same  emissivity  and  to  obtain 
suitable  factors  with  which  to  superpose  the  spectral  energy  curves 
of  the  various  glowers,  in  and  near  the  visible  spectrum. 

The  results  are  shown  in  Fig.  8,  which  gives  the  normal  spectral 
energy  distribution  of  the  various  glowers.  For  the  thin  glowers 
(i  to  4)  the  spectral  energy  curves  superpose  over  practically  the 
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whole  length  of  the  curve.  The  latter  glower  (4)  shows  a  slight 
increase  in  emissivity  at  i  .5/i  to  4/i.  These  form  curve  a,  in  Fig.  8. 
In  curve  b  are  given  two  series  of  observations  on  a  glower  1.763 
nun  diameter.  In  the  same  manner,  curve  c  shows  two  series  of 
observations  on  a  glower  2.152  mm  in  diameter,  the  observations 
being  made  on  different  days. 

The  increase  in  the  emissivity,  extending  from  1.5/i  to  6/1,  is 
very  marked  in  these  two  curves  and  is  so  great  that  it  can  not  be 
attributed  to  experimental  errors.  An  integration  of  these  etudes 
gives  the  ratio  of  the  areas  of  a  :6  :c  =  i  :  1.071  :  1.134.  From 
this  it  appears  that  in  order  to  obtain  the  same  emissivity  inthfe 
visible  spectrum,  the  thickest  filament  radiates  13.4  per  cent  more 
infra-red  energy  than  obtains  in  the  thinnest  filament.  There  is, 
of  course,  also  a  much  greater  loss  of  heat  by  conduction  from  the 
ends  of  the  thick  filament  than  from  the  thin  filaments ;  but  for  the 
present  the  extent  of  this  loss  remains  undetermined.  The  ordi- 
nary solid  glower,  i.i  mm  diameter,  is  represented  by  the  higher 
values  in  curve  a,  which  represents  a  loss  of  2  per  cent  more  infra- 
red radiation  than  obtains  in  the  thinnest  glowers. 

The  commercial  A.  C.  glower  is  a  hollow  cylinder  which  is  more 
efficient  than  a  solid  glower  of  the  same  diameter.  To  manu- 
facturers it  is  a  well-known  fact  that  the  very  thin  glowers  are  the 
most  efficient.  The  data  previously  presented  on  the  Welsbach 
mantle  and  the  data  herewith  presented  on  the  emissivity  of 
various  solid  glowers  show  why  this  is  the  case.  The  efficiency 
can  be  increased  somewhat  by  operating  several  glowers  near 
together.  This  is  owing  to  the  fact  that  it  requires  about  18  to 
20  watts  to  keep  an  ordinary  i  lo-volt  glower  warm  and  conduct- 
ing, unless  operated  on  a  high  voltage  transformer,  as  was  found 
on  a  previous  investigation  of  the  selective  emission  ^^  of  the 
Nemst  glower.  The  proximity  of  several  glowers  increases  the 
surrounding  temperatiu-e  and  decreases  the  losses  by  convection 
with  a  consequent  rise  in  temperature  for  the  same  energy  input. 

The  thicker  the  glower  the  more  nearly  its  radiation  approaches 
that  of  a  black  body.  For  the  thinnest  glower  the  maximtmi 
emission  lies  at  about  \max  =  1-25/*  and  for  the  thickest  filament  the 
maximum  emission  is  at  about  Xmair==i.32/i,  although  it  is  at  the 
same  emissivity  in  the  visible. 

**  This  BuUetin.  4,  p.  533;  1908. 
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The  value  of  >Tiia,  =  i.32/i  and  XmoxT^^ 2930  would  make  the 
temperature  about  2230®  Abs.  No  doubt  the  operating  tempera- 
ture is  lower  than  this  value,  for  the  glower  is  not  a  black  body  as 
here  asstuned  on  the  basis  that  the  radiating  layer  is  of  sufficient 
thickness  to  emit  completely  all  frequencies. 

The  above-mentioned  filling  up  of  the  spectral  energy  curve 
between  1.5ft  and  3ft,  with  increase  in  thickness  of  the  radiating 
layer,  is  especially  marked  in  the  energy  curve  of  the  acetylene 
flame,  an  illustration  of  which  is  given  on  another  page. 

The  data  herewith  presented  confirms  the  previous  conclusions 
that  the  radiation  constant,  a,  of  the  Nemst  glower  varies  with 
the  thickness  of  the  radiating  layer. 

y.  RADIATION  FROM  A  UNIFORMLT  HEATED  CAVITY  AND 

FROM   ITS  INCLOSING  WALLS 

In  the  ideal  radiator  or  so-called  *' black  body  "  the  walls  of  the 
inclosure  are  asstuned  to  be  opaque  to  all  radiations.  The  energy 
emitted,  of  all  wave  lengths,  is  then  independent  of  the  natm-e  of 
the  material  forming  this  opaque  envelope.  In  practice  such  an 
opaque  inclosure  is  not  readily  obtained  and  experimenters  have 
to  use  radiators  made  of  highly  refractory  porcelain,  or  graphite 
tubes,  the  latter  being  operated  in  a  vacuum.  Porcelain  tubes 
may  of  cotu^e  be  blackened  with  nickel  oxide,  etc.,  but  many 
objectionable  feattwes  are  then  encountered. 

Dtuing  the  course  of  experiments  upon  such  radiators,  in  the 
construction  of  which  every  attempt  was  made  to  approach  the 
ideal,  the  question  arose  as  to  whether  or  not  the  observed  dis- 
tribution of  energy  was  independent  of  the  composition  of  the 
radiating  inclosure.  Radiators  constructed  of  ordinary  porcelain 
appeared  to  have  a  slightly  different  spectral  energy  distribution 
from  similar  tubes  of  a  more  refractory  **Marquardt'*  porcelain. 
The  latter  appeared  to  be  slightly  selective  in  its  emission  in  the 
infra-red.  When  one  considers  the  extraordinary  way  in  which 
the  frequencies  emitted  by  the  porcelain  are  modified  when  emitted 
from  within  the  imiformly  heated  indosiu-e,  the  difficulties  to  be 
encountered  in  producing  such  a  radiator  become  apparent.  In 
Fig.  9,  curve  a,  is  shown  the  spectral  energy  distribution  from  the 
stuface  of  a  thin  rod  of  Marquardt  porcelain,  rendered  conducting 
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by  heating  with  a  blast  lamp  and  then  heated  to  a  bright  red  by 
means  of  an  electric  cmrent  from  a  2000-volt  transformer.  There 
are  three  distinct  emission  bands.  In  this  figm-e  cm-ve  b  repre- 
sents the  spectral  energy  distribution  of  the  radiation  from  an 
experimental  "black  body"  made  of  Marquardt  porcelain  and 
heated  to  1032°  C.  The  curve  is  perfectly  smooth,  butj  in  com- 
parison with  similar  curves  obtained  from  different  **  black  bodies," 
made  of  a  lower  melting  point  porcelain,  this  curve  appears  to 
emit  a  slight  excess  of  radiation  in  the  region  of  4/i  to  5/i,  as  com- 
pared with  the  region  of  3fi.  Curve  a  is  given  simply  as  an  illus- 
tration of  an  infinite  number  of  ciurves,  having  different  contours 
depending  upon  the  composition  of  the  material,  and  upon  the 
temperatm-e  of  operation,  as  was  shown  in  previous  investigations. 

VI.  STANDARD  SPECTRAL  ENERGY  CURVES 

In  Table  III  are  given  the  emissivities  in  the  normal  spectrmn 
of  a  Nemst  glower  set  to  a  color  match  with  a  tungsten  lamp  which 
was  operated  on  1.2  w.  p.  m.  h.  c.  This  is  not  far  removed  from 
the  commercial  operation  of  the  Nemst  glower.  The  glower 
(length  13  mm,  diameter  i  mm,  well  seasoned  and  quite  crystal- 
line in  appearance)  was  purchased  about  5  years  ago,  hence  of 
different  stock  from  the  others  herein  described.  This  fact,  how- 
ever, does  not  cause  any  difference  in  the  emissivity  in  the  visible 
spectrum,  but  there  appears  to  be  some  difference  in  the  infra-red 
where  the  emissivity  appears  to  be  as  high  as  that  of  the  2  mm 
glower.  Fig.  8,  discussed  on  a  previous  page. 

The  spectral  energy  distribution  from  0.45/i  to  0.67/i  of  a  tung- 
sten lamp  operated  on  1.2  w.  p.  m.  h.  c.  is  given  in  Table  III. 
The  spectral  energy  curve  was  obtained  with  a  mirror  spectrom- 
eter and  a  fluorite  prism.  At  some  futm-e  time  it  is  hoped  to 
provide  fiuther  and  more  acctwate  data  in  the  violet,  so  that  the 
whole  may  be  used  as  a  standard  spectral  energy  curve,  such  as 
was  given  in  a  previous  paper  for  acetylene,**  see  Table  IV.  In 
the  infra-red,  however,  the  variation  of  emissivity  with  thickness 
is  too  marked  to  permit  the  use  of  the  acetylene  flame  as  a  standard 
of  radiation. 

li  This  Bulletin,  7,  p.  a6x;  19x1. 
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The  data  in  Table  III  are  useftU  also  in  considering  the  minimum 
concentration  of  a  solution  of  cupric  chloride  as  a  filter  to  absorb 
all  the  infra-red,  as  described  on  a  subsequent  page. 

TABLE  m 

Spectral  energy  distribution  from  0.45/i  to  0.67/i  of  a  tungsten  lamp 
operated  on  1.2  w.  p.  m.  h.  c.  and  of  a  Nemst  glower  from  0.45/x  to  9.00/a 
set  to  a  color  match  with  the  tungsten  lamp 
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TABLE  IV 
Spectral  Enogy  Distribution  of  an  Acetylene  Flame 
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The  data  in  Table  III  on  the  Nemst  glower  show  that  this  form 
of  radiator  can  not  be  used  as  a  standard  of  infra-red  without 
rigorously  defining  the  dimensions.  There  is  also  diflSculty  in 
defining  the  mode  of  operation  of  the  glower;  and  in  the  present 
work  it  has  been  used  by  setting  it  to  a  color  match  with  a  tungsten 
lamp  operated  on  1.2  w.  p.  m.  h.  c.  The  latter  may  be  easily 
rated  photometrically. 

As  already  mentioned,  the  glower  used  in  obtaining  the  data  in 
Table  III  was  a  well-seasoned  one  (made  at  least  five  years  ago) 
which  had  a  crystalline  appearance,  and  it  was  i  .02  mm  in  diam- 
eter. The  peculiar  property  of  its  energy  curve  is  that  it  coin- 
cides throughout  the  spectrum  with  the  energy  curve  of  the 
glower  of  new  material  2.152  mm  in  diameter,  except  at  2fi  to  3/i, 
where  the  emissivity  is  higher  than  any  of  the  glowers  presented 
in  Fig.  8.  Whether  this  is  the  result  of  a  difference  in  the  com- 
position of  the  material  or  in  the  physical  structure  is  an  interest- 
ing question.  From  the  data  presented  in  the  previous  paper  on 
the  Welsbach  mantle  material  in  the  form  of  a  solid  rod,  it  appears 
that  this  difference  in  emissivity  is  owing  to  a  difference  in  com- 
position of  the  glowers.  However,  it  is  possible  that  with  age  the 
chemical  structm-e  of  the  material  undergoes  a  change,  which 
would  produce  a  different  radiating  property  of  the  material. 

Note    L— LIGHT    FILTERS    WHICH    ABSORB    ALL    THE 

INFRA-RED 

Under  the  above  title  *^  experiments  were  described  on  the  trans- 
mission of  various  solutions  of  copper  salts,  the  object  being  to 
determine  the  tninimnm  concentration  which  will  absorb  all  the 
infra-red  and  at  the  same  time  give  a  high  transmission  in  the 
visible  spectrum. 

Having  in  mind  a  discontinuous  spectnun  of  the  mercmy  vapor 
type  in  which  the  intensity  of  the  radiation  at  i.2fi  is  weak,  a  2-cm 
layer  of  a  2  per  cent  solution  of  cupric  chloride  was  recommended 
as  being  sufficiently  opaque  for  eliminating  the  infra-red  rays. 
Such  a  solution  is  of  course  inadequate  as  an  absorption  screen  for 

eliminating  all  the  invisible  radiation  from  a  source  having  an 

«■  -  >^  ■ 
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extremely  large  amount  of  infra-red  such  as  obtains  in  incandescent 
solids  of  the  Nemst  glower  type.  On  integrating  the  spectral 
energy  curve  of  a  Nemst  glower  (used  on  normal  operation)  after 
transmission  through  such  a  solution,  it  is  found  that  the  amount 
transmitted  m  the  infra-red  might  cause  an  appreciable  error  m 
the  measurement  of  the  (total)  radiation  in  the  visible  spectrum. 
Fiuther  experiments  were  therefore  undertaken  to  determine  the 
proper  concentration  which  will  reduce  to  a  negligible  quantity 
the  energy  transmitted  m  the  infra-red. 

In  view  of  the  fact  that  a  copper  sulphate  solution  changes  from 
a  bluish  to  a  greenish  yellow  color  on  dilution,  a  fiuther  examina- 
tion was  made  of  this  substance  in  solution  to  compare  with  cupric 
chloride  in  solution.  It  was  found  that  a  solution  of  copper  sul- 
phate of  the  same  color  as  a  2.5  per  cent  solution  of  cupric  chloride 
was  considerably  more  transparent  than  the  latter,  in  the  region 
of  i.2fi.  There  is  therefore  no  advantage  in  employing  copper 
sulphate  as  a  radiation  filter  for  eliminating  the  infra-red. 

The  transmission  of  an  accurately  prepared  2.5  per  cent  solu- 
tion of  cupric  chloride  (2.5  grams  CuCl3-h2H30  in  97.5  grams  of 
water  and  2  drops  of  HCl)  is  given  in  Fig.  10,  the  absorbing  layer 
being  exactly  2  cm  in  thickness,  the  cell  walls  being  of  clear  white 
optical  glass  (each)  i  mm  thick.  An  old  and  a  newly  prepared 
solution  were  examined.  The  maximum  transmission  at  i .  1 5ft  to 
i.20/i  is  of  the  order  of  0.35  per  cent.  The  transparency  was 
slightly  increased  on  adding  several  drops  of  HCl.  The  depression 
at  0.51/i  is  caused  by  the  dichroism  of  the  solution. 

The  transmission  of  an  acctwately  prepared  3  per  cent  solution 
(3  gr  CuCl3-h2H,0  in  97  grams  of  water  and  2  drops  of  HCl)  is 
also  given  in  Fig.  10.  The  maximum  transmission  at  1.2/1  is  of 
the  order  of  0.16  per  cent,  with  a  possibility  that  the  value  is  still 
lower.  Using  a  3.5  per  cent  solution  of  CuCl,  (3.5  gr  CuClj,  96.5 
gr  H2O,  and  2  drops  of  HCl) ,  the  infra-red  spectral  energy  ctu^e  of 
the  Nemst  glower  is  reduced  to  a  narrow  band  at  1.2/i,  Fig.  10, 
which  is  entirely  negUgible  m  comparison  with  the  curve  of  the 
visible  spectrum. 

Fortunately  in  the  case  where  green  and  violet  radiation  are 
desired  a  still  more  concentrated  solution  (say  4  per  cent)  may  be 
employed,  which  eliminates  the  infra-red  still  more  completely. 
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This  is  an  important  fajct,  for  a  small  amount  of  infra-red  added 
to  the  green  and  blue  radiations,  which  have  a  low  energy  value, 
may  cause  an  appreciable  error.  On  the  other  hand,  when  it  is 
desired  to  obtain  considerable  radiation  in  the  yellow  and  orange, 
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because  of  the  high  energy  value  of  these  radiations,  the  use  of  a 
weaker  solution  (3.5  per  cent)  is  permissible,  since  the  slight 
addition  of  infra-red  is  negligible  in  comparison  with  total  energy 
to  be  measured. 
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CwiciintnUlon  of  whitlini 

2.5% 

3.0% 

3.5% 

k 

Ratio  ol  taofgy  trmOTlttod 

1.05/1 
L20^ 
L36/t 

0.0021 
a0036 

a  0015 

aooo6 

0.0016 

aooo7 

aoooo3 

a  00075 

aooo40 

It  is  of  cotirse  to  be  understood  that  this  screen  is  tisefui  only  to 
eliminate  the  infra-red  and  that,  in  order  to  obtain  red,  green,  or 
blue,  etc.,  it  is  necessary  to  use  a  suitable  monochromatic  color 
screen  in  addition  to  the  aforesaid  standard  solution  of  cupric 
chloride. 

During  the  course  of  these  experiments  a  number  of  samples  of 
(old  and  new)  3  per  cent  solution  were  examined,  all  of  which 
gave  nearly  the  same  transmission,  showing  that  by  exercismg 
care  in  preparing  these  solutions  there  will  be  no  marked  imcer- 
tainity  as  to  the  amount  of  infra-red  radiation  that  is  transmitted. 
The  use  of  more  concentrated  solutions  is  of  course  to  be  recom- 
mended whenever  the  nature  of  the  problem  permits  it.  The 
present  experiments  simply  show  the  mmimum  concentration  and 
permit  a  calculation  of  the  error  from  infra-red  radiation,  provided 
the  spectral  energy  curve  is  known.  For  this  purpose  is  included 
the  transmission  (Figs.  10  and  11,  and  Tables  III  and  V)  of  the 
solutions  of  cupric  chloride,  just  described,  the  absorption  cell 
being  exactly  20  mm  thick.  For  determining  these  ratios  a 
Nemst  glower  was  used  as  a  source  of  radiation.  The  glower  was 
set  to  the  proper  voltage  (practically  on  normal  operation)  to  give 
a  color  match  with  a  tungsten  lamp  operated  on  1.2  w.  p.  m.  h.  c. 
The  galvanometer  deflections  in  the  region  of  i.o/i  to  1.3/i  without 
the  absorption  cell  were  equivalent  to  8000  to  1 1 000  mm,  and 
through  the  solution  they  were  from  0.2  to  6  mm.  Only  the 
great  steadiness  of  the  vacumn  bolometer  permitted  measurements 
of  such  small  magnitudes  as  were  observed  through  the  solutions. 
In  Fig.  1 1  is  shown  the  spectral  energy  curve  as  observed  through 
the  solutions  just  described.  For  the  3  per  cent  solution  the  total 
energy  transmitted  in  the  region  of  1.05/i  to  1.35/1A  is  4  per  cent  of 
the  energy  transmitted  in  the  visible  spectnun,  from  0.44/i  to 


114 


Bulletin  of  the  Bureau  of  Standards 


iVcLo 


o.68/i.  The  energy  transmitted  at  1.05/i  to  1.35M  by  a  3.5  per 
cent  solution  of  CuClj  is  less  than  i  per  cent  of  tiie  energy  trans- 
mitted in  the  visible  spectrum.  Whether  the  infra-red  can  be 
separated  as  thoroughly  from  the  visible  spectnun  by  mechanical 
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Fig.  11. — Nentst  iloufgr 

means  (Angstrom's  knife-edge  screen)  as  by  this  method,  remains 
imdertermined.  Possibly  a  combination  of  the  two  methods 
would  be  still  better,  for  in  this  case  a  weaker  solution  could  be 
used  to  eliminate  the  infra-red  rays  scattered  over  the  spectrum 
by  the  screen.     In  this  case  the  screen  would  not  have  to  be  set 
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so  accurately  at  0.7 fi  to  separate  the  infra-red  from  the  visible,  for 
the  solution  would  absorb  the  radiations  lying  between  0.7/i  and 
0.9/bt  and  the  small  amount  remaining  of  the  radiations  at  i  .05/i  to 
I-35M  would  be  situated  so  far  from  the  edge  of  the  screen  that 
none  could  pass  by  and  into  the  radiometer. 

From  the  data  herewith  presented  it  is  evident  that  for  sources 
of  radiation  having  a  high  emissivity  at  i  .2/i  to  i  .5^  the  2  per  cent 
solution  of  CuCl,  described  in  the  previous  paper  is  not  sufficient 
to  eliminate  to  a  negligible  amount  all  the  infra-red;  that  a  3.5 
per  cent  solution  is  necessary  to  reduce  the  infra-red  to  i  per  cent 
of  the  visible  radiations;  and  that  for  produdng  green  and  blue 
radiations  it  is  desirable  to  eliminate  the  infra-red  still  further  by 
using  a  solution  of  4  per  cent  of  cupric  chloride. 

In  conclusion  it  is  desirable  to  emphasize  the  importance  of 
using  exactly  the  same  thickness  20.0  mm  to  obtain  the  results 
herewith  presented.  For  example  a  cell  21  mm  in  thickness  of  a 
2.5  per  cent  solution  transmits  0.28  to  0.30  per  cent  as  compared 
with  a  transmission  of  0.35  per  cent  by  the  20-mm  cell,  see  Table 
V,  which  gives  the  ratios  of  the  energy  transmitted  by  the  solution 
to  the  direct  radiation  falling  upon  the  radiometer. 

Angstrom  separated  the  visible  spectnun  from  the  infra-red  by 
means  of  a  knife-edge  screen.  One  objection  to  this  method  is  the 
uncertainty  as  to  the  amount  of  stray  infra-red,  especially  of 
wave  lengths  just  beyond  the  visible,  that  is  superposed  upon  the 
visible  spectrum.  As  already  mentioned  a  combination  of 
Angstrom's  spectrum  knife-edge  screeh  and  a  weak  (i  per  cent) 
solution  of  CuCl,  would  remedy  this  defect  without  seriously 
reducing  the  intensity  in  the  red.  The  amotmt  of  infra-red  trans- 
mitted by  this  solution  at  i/i  is  so  small  and  it  is  located  so  far 
from  the  edge  of  the  screen  that  there  is  no  danger  of  an  appre- 
ciable amount  of  infra-red  being  superposed  upon  the  visible 
spectnun. 

As  a  final  summary  it  may  be  stated  that  the  method  of 
obtaining  monochromatic  radiation  by  means  of  filters  is  very 
inefficient  when  concentrated  solutions  must  be  employed.  For 
example,  the  3  per  cent  solution  transmits  58  per  cent,  and  the  3.5 
per  cent  solution  transmits  only  55  per  cent  at  0.589/i.  The  trans- 
mission is,  of  course,  much  higher  in  the  blue  and  in  the  green. 
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{Vcl.9 


In  order  to  learn  the  applicability  of  glass  and  quartz  prisms  in 
spectral  energy  work  at  high  temperatures,  the  transmission  of 
thick  samples  of  these  materials  was  examined,  as  shown  in  Fig.  lo. 

The  plate  of  quartz,  13  mm  in  thickness,  increases  rapidly  in 
opacity  beyond  i.2ft,  so  that  it  is  unsuitable  in  spectral  energy 


4  5 

WAVE-LENGTH 


Fig.  12.— Fluonte 

work  (other  than  isochromatics)  involving  wave  lengths  greater 
than  1. 2ft.  The  same  is  true  of  crown  glass,  the  transmission  of 
which  is  shown  in  Fig.  10,  thickness  38.3  mm. 

Owing  to  the  increased  scarcity  of  fluorite  it  is  important  to 
learn  the  utility  of  the  green  varieties  of  this  material.  In  Fig. 
12,  a  is  shown  the  transmission  of  a  sample  of  deep  green  fluorite 
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(4.3  mm  in  thickness)  which  showed  a  strong  violet  fluorescence 
in  ordinary  Ught.  The  transmission  curve  is  conspicuous  for 
niunerous  absorption  bands,  the  maxima  of  which  occur  at  1.4, 
3-Oi  3-3>  4-2,  5.6,  6.1,  6.63,  7.03/i,  respectively.  The  transmission 
of  a  Ught  yellowish  green  sample  is  shown  in  Fig.  12,  b  and  c. 
Here  the  prominent  bands  at  3/1  and  7/i  appear  to  be  entirely 
absent,  while  the  band  at  i  .4/i  is  very  marked  as  compared  with 
a  similar  absorption  band  in  the  deep  green  sample. 

Washington,  Jime  5,  1912. 


ON  A  MODinED  FORM  OF  STABIUTY  TEST  FOR 
SMOKELESS  POWDER  AND  SIMILAR  MATERIALS 


By  H.  C.  P.  Weber 


Some  time  ago  an  investigation  on  the  stability  of  nitrocellulose 
plastics  was  imdertaken  at  the  Bureau  of  Standards,  and  the  ques- 
tion of  the  stability  of  these  materials  at  normal  and  elevated 
temperatures  was  one  of  the  questions  studied. 

One  of  the  stability  tests  employed  in  that  investigation  seems 
of  sufficient  interest  to  warrant  calling  attention  to  it,  especially 
since  it  does  not  seem  possible  to  carry  the  investigation  further 
at  present. 

The  papers  to  which  reference  has  been  made  in  connection  with 
this  subject  are  tabulated  at  the  end  of  this  paper  and  will  not  be 
cited  again  in  detail. 

There  is,  perhaps,  no  need  for  going  into  details  regarding  all 
the  various  tests  proposed.  While  there  are  many  of  them,  each 
having  its  own  particular  advantage,  only  a  few  are  at  all  generally 
applied.  The  reason  for  adding  to  their  number  is  that  while  this 
test  is  an  explosion  test,  and  therefore  simple  and  rapid,  it  is  in 
reality  a  determination  of  the  change  of  decomposition  velocity 
with  rise  in  temperature  and,  as  such,  a  measure  of  stability. 

Various  investigators  have  touched  upon  the  influence  of  the 
rate  of  heating  on  the  result,  whether  it  be  in  the  explosion  tests 
or  in  methods  depending  on  the  amoimt  or  rate  of  gas  evolution. 
For  this  reason  the  rate  of  heating  in  the  explosion  test  is  defined 
within  certain  limits.  The  decomposition  of  nitrocellulose  is  auto- 
catalytic,  and  when  a  certain  surrounding  temperature  is  attained, 
say  135°  C,  nearly  all  samples  of  nitrocellulose  will  explode  if  kept 
in  surrotmdings  of  that  temperature  long  enough.  The  tempera- 
ture of  the  decomposing  material  may  be  a  few  or  many  degrees 
above  135°.     In  the  investigation  of  nitrocellulose  plastics  we  have 
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repeatedly  seen  diflferences  of  30°  and  40°  between  the  temperature 
of  the  surroundings  and  of  the  sample  when  the  substance  went 
off.  The  amount  of  this  differ- 
ence depends  on  the  mass  of 
the  material  and  its  heat  con- 
ductivity and  on  the  heat  con- 
ductivity of  the  system  used 
for  test.  These  factors  enter 
into  the  German  135°  test  as 
well  as  into  the  ordinary  high 
temperature  explosion  test. 
In  the  former  the  time  will 
vary  with  the  heat  insulation; 
in  the  latter  the  explosion 
temperature  will  vary  with 
the  rate  of  heating. 

The  apparatus  used  for  the 
test  is  shown  in  Fig.  i.  The 
heating  bath  consists  of  acni- 
"  cible  of  iron  or  nickel,  about 
10  cm  in  diameter  and  of  ap- 
proximately the  same  depth. 
The  cover  is  of  sheet  metal, 
about  3  mm  thick,  with  a 
flange  that  fits  snugly  into  the 
crucible  and  projects  slightly 
beyond  the  rim.  One  hole 
through  the  center  of  the  cover 
is  just  large  enough  to  per- 
mit the  thermometer  to  pass. 
Symmetrically  distributed 
around  the  center  of  the  plate 
are  eight  openings  15  mm  in 
diameter.  The  heavy  metal 
supporting  tubes  are  about  4 
cm  in  length  and  about  1 2  mm  internal  diameter.  The  lower  end 
of  the  tube  is  Sanged,  so  that  tlie  tube  rests  seciu^y  on  the  cover. 
The  test  tubes  are  about  9  cm  long  and  must  be  of  such  diameter 
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that  they  will  just  slip  freely  into  the  supporting  tubes.  A  num- 
ber of  extra  caps  are  provided  to  cover  openings  not  intended  to 
be  used  during  the  test.  The  heating  liquid  may  be  either  par- 
affin, glycerin,  or  similar  inert  Uquid,  which  may  be  heated  to 
200°  without  boilmg  or  fuming  strongly.* 

The  test  tubes  should  dip  about  4  or  5  cm  into  the  heated  liquid, 
so  that  their  ends  will  be  at  about  the  center  of  the  heated  mass 
and  may  readily  be  removed  one  at  a  time  and  replaced  by  fresh 
ones.     For  each  explosion  a  clean  tube  should  be  taken. 

The  thermometer  is  supported  by  a  metal  clip  which  rests  on 
the  cover,  the  bulb  being  on  a  level  with  the  lower  ends  of  the  test 
tubes.  The  thermometer  used  was  standardized.  Since  the  mer- 
ciuy  thread  projected  but  little  above  the  highly  heated  zone,  the 
stem  correction  was  f  oimd  to  be  negligible.  This  should  be  checked 
with  each  apparatus  and  thermometer  for  the  various  tempera- 
tures when  the  apparatus  is  put  together. 

The  heating  bath  is  suspended  in  a  conical  piece  of  sheet  metal 
wrapped  with  asbestos.  The  metal  shield  (Met.  Sh.)  is  cut  so 
that  the  crucible  will  hang  securely  in  the  upper  smaller  opening, 
while  its  larger  end  rests  in  the  flanged  tripod  rim.  With  this 
apparatus  and  a  small  gas  flame  it  has  been  easily  possible  to 
maintain  the  temperature  constant  for  15  or  20  minutes  within 
half  a  degree.  It  is  most  convenient  to  have  the  burner  set  so 
that  there  is  a  tendency  for  the  temperature  to  fall  and  to  use  a 
small  accessory  flame  momentarily  whenever  necessary.  With  a 
temperature  regulator  or  with  electrical  heating  the  ease  of  manip- 
ulation  might,  no  doubt,  be  increased. 

One  or  two  stop  watches  ^  complete  the  equipment.  When 
the  apparatus  has  attained  equilibrium  at  the  desired  tempera- 
ture, one  or  more  of  the  test  tubes  is  loaded  by  dropping  in  the 
sample  of  powder,  the  stop  watch  is  started,  and  a  cork  is  dropped 
into  the  mouth  of  the  test  tube.  The  time  until  the  e^losion 
takes  place  is  then  noted. 

The  grains  of  the  6-poimder  smokeless  powder  are  of  con- 
venient size  to  use  dkectly.  Powders  of  larger  caliber  should  be 
cut  into  pieces  weighing  about  0.2  g  each.     Each  sample  of 

>  This  form  of  apparatus  has  been  devised  by  C.  B.  Waters  in  connection  with  work  on  lubricating  oils. 
*  I  have  found  the  type  of  stop  watch  with  two  second  hands,  which  may  be  stopped  independently, 
the  most  convenient  form.    With  two  of  these  at  least  four  samples  may  be  observed  simultaneously. 
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powder  was  tested  at  four  temperatures,  i6o°,  170°,  180°,  and  200*^. 
For  the  present  pmpose  at  least  three  tests  were  made  at  each 
temperature  interval  and  a  curve  was  drawn  through  the  average 
values. 

The  following  series  on  powder  A  shows  how  closely  duplicates 
may  be  expected  to  agree : 


At. 

Bfn.Var. 

200*  C. 

1'  44"; 

1'  48"; 

I'  44";    1'  4r';    V  45" 

1'46" 

±  2% 

IW 

r  55"; 

3' 06"; 

V  10"; 

3' 04" 

-5% 

170* 

4'  17"; 

4' 30"; 

4'  28" 

4'  25" 

-  3% 

!«• 

14'  20"; 

17'  40"; 

17'  34" 

16'  36" 

-14% 

In  general  the  discrepancies  appear  to  be  greater  at  the  lower 
temperatures.  This  is  to  be  expected,  since  the  cm-ves  given 
further  on  show  to  what  extent  the  influence  of  small  temperature 
variations  is  magnified  in  the  region  of  1 60°.  Furthermore,  the 
irregularities  are  more  pronotmced  in  the  **  poor  *'  powders. 

The  following  set  shows  what  can  be  expected  as  to  repro- 
ducibility of  the  complete  curve.  The  sample  used  was  L  and 
the  second  test  was  made  one  month  later  than  the  first.  The 
averages  only  are  given : 


200*  0 

180*  C 

170*  C 

160*  C 

I 
n 

V    31" 
1'    27" 

2'    18" 
2'    31" 

3'    39" 
3'    43" 

7'    11" 
r    30" 

The  following  table  and  Fig.  2  give  the  results  obtained  with 
10  samples  of  smokeless  powder  and  two  samples  of  nitrocellulose. 
The  samples  were  obtained  through  the  Navy  Department,  and  I 
am  indebted  to  the  courtesy  of  G.  W.  Patterson,  powder  expert  at 
Indian  Head,  for  the  selection  of  three  classes,  good,  fair,  and 
poor,  and  for  the  description  of  these  samples,  which  I  quote  for 
comparison  with  the  explosion  periods: 

Nit]x>celltilose  A. — "Specially  prepared.  Heat  test,  potassium-iodide  starch,  at 
65^5  C,  4  minutes;  German  test  at  135®  C,  9  minutes  for  litmus  red.** 

Nitrocellulose  B. — "Heat  test,  potassium-iodide  starch,  at  6595  C,  4a  minu.es. 
German  test  at  135^  C,  38  minutes  for  litmus  red.** 

Powder  Sample  A. — "Six-pounder.  Diphenylamine  as  stabilizer.  German  test 
at  135^  C,  litmus  red,  2  hours  35  minutes,  explosion  5  hours  plus.  Surveillance  test 
at  80**  C,  87  days;  at  6595  C,  307  days.*' 

Sample  B. — "Medium  caliber.  Diphenylamine  as  stabilizer.  German  test  at 
135^  C,  litmus  red,  2  hours  17  minutes,  explosion  5  hours  plus.  Surveillance  test 
at  6595  C,  271  days.** 
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Sample  C, — "I,bi^  caliber.  Diphenyl amine  as  stabilizer.  Gennan  test  at  135*  C, 
litnnisred,  I  hour  aj  minutes,  ejtplosion  ;  houra  plus.  Surveillance  test  at  6s'5  C, 
145  days  plus." 

Sample  D. — "Laige  caliber.  No  stabilizer.  Rosaniline  as  indicator.  Gennan 
test  at  135°  C,  litmus  red,  3  hours,  explosion  5  hours  plus.  Surveillance  test  at 
6s?5  C,  60  days." 

Sample  E. — "Medium  caliber.  No  stabilizer.  Rosaniline  as  indicator.  Germao 
test  at  135°  C,  litmus  red,  1  hour  35  minutes,  explosion  5  hours  plus.  Surveillance  test 
at65?5C,  74  days." 


Fig.  2 

Sample  P.— "  Six-pounder.  Contains  rosaniline  and  diphcnylamine.  German  tast 
at  135°  C,  litmus  red,  1  hours  15  minutes,  explosion  5  hours  plus.  Surveillance  test  at 
6575  C,  375  days;  at  80°  C,  64  days." 

Sample  H. — "Manufactured  in  1901.  When  lasttestedit  gave  German  test  at  135° 
C,  exploskm  in  41  minutes.    Surveillance  test  at  65^5  C  (1907)1  79  days." 

Sample  I. — "Manufactured  about  1901.  When  last  tested,  it  gave  German  test  at 
I3S°  C,  explosion  in  33  minutes;  surveillance  test  at  65.5"  C,  83  days." 

Samples  K  and  L.— "These  are  both  in  very  poor  condition,  giving  only  one  day 
surveillance  test." 

The  explosion  periods  obtained  on  these  samples  are  as  follows. 
The  value  underscored  is  the  average  value. 
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TMBfcoton 

200»C 

180»C 

170 

•c 

160*  C 

WtnotOukmi 

• 

mm,  Mc. 

mm  rtr 

• 

• 

33 

5    20 

30+ 

30+ 

St 

6    11 

iL. 

37 

6    S6 

* •••••• •••• 

•43 

6    19 

33 

4    06 

16    00 

30+ 

B 

42 

5    55 

17    30 

34 
36 

6    06 
5    22 

16    45 

1    44 

2    58 

4    30 

14    30 

1    4« 

3    06 

4   n 

17    40 

A. 

1    44 

3    10 

4    28 

17    34 

1    4« 

3    04 

4    25 

16    36 

1    45 

1    46 

1    54 

3    37 

5    23 

5    44 

14    20 

1    IS 

3    54 

5    26 

6    02 

13    45 

1    65 

3    44 

5    36 

5    53 

17     7 

1    32 
1    33 

3    27 
3    57 

5    28 

5    57 

168* 

14    57 

B 

1    41 

3    44 

1    37 

1    27 

1    25 

1    36 

4    OS 

6    17 

2    04 

17    45 

2    04 
2    10 

3  15 

4  SO 

6    28 
6    55 

18    25 

18    18 

2    06 
1    45 

4    05 

6    34 
6    15 

7    00 

18    09 

4    20 

19    00 

1    47 

4    03 

5    53 

6    SO 

26    49 

2 

4    08 

5    57 

6    56 

28    30 

D 

1  58 

2  10 

4    10 

6 

6    56 

24    46 

2    30 

172* 

171* 

2    00 

3    55 

6    10 

1    35 

10    15 

2    10 

4    06 

5    58 

10    34 

2    10 

4    18 

6    08 

10    20 

B, 

2    OS 
2    10 

4    06 

6    OS 

10    23 

« 

2    10 

W^bir] 
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Eacplosion  Periods — Continued 


TttD^POKttllX'B  ••••••••••••••••••••••••••••••••••••••«. 

200*  C 

180*  C 

170 

•c 

160'*C 

PowQAT-— Contiiitied 

mm.  sic. 

^^p»^^»  *•*»• 

mim.  scs. 

mm.  fc. 

• 

1  40 

2   47 

3  33 

15  16 

1  41 

2  45 

3  23 

15  47 

1  4« 

2  49 

3  31 

17  40 

F 

1  45 
1  45 

2  47 

3  29 

16  14 

1  38 

1  43 

1  15 

3  32 

4  45 

6  47 

1  29 

3  35 

4  17 

6  48 

1  10 

3  28 

4  44 

6  50 

H. 

1  15 
1  38 

3  32 

4  35 

6  48 

1  22 

1  28 

3  05 

3  50 

V 

2  04 

6  IS 

2  10 

3  05 

3  49 

6  00 

2  02 

3  20 

3  56 

6  17 

L 

2  00 
2  05 

3  10 

3  50 

6  10 

2  05 

2  04 

2  05 

3  29 

5  55 

11  12 

2  05 

3  30 

5  22 

11  8 

2  14 

3  50 

6  15 

12  38 

K. 

2  17 
1  50 

3  36 

5  51 

11  00 

12  28 

1  52 

13  00 

2  04 
1  31 

2  13 

3  38 

11  54 

< 

7  02 

1  22 

2  18 

3  33 

7  12 

1  27 

2  22 

3  47 

7  20 

L 

1  35 
1  30 

2  18 

3  39 

7  11 

1  40 

1  31 

1 

K,  at  183%  a-20, 3-29;  at  160%  12-43, 13-20  mlniitet  and  seconds. 

F,  at  178*,  3-00, 3-13  mtatntM  and  seconds. 

A,  at  199*,  1-47;  at  198*,  1-53;  at  197*,  1-52;  at  195*.  1-56;  at  193.5*,  2-12  minntes  and 

The  curves  embodying  these  results  are  given  in  fig.  2.  The 
curve  marked  "  theoretical  curve  "  is  obtained  on  the  assumption 
that  the  reaction  velocity  doubles  for  every  10^  C.    While  the 
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curves  obtained  from  the  explosion  periods  are  of  the  same  gen- 
erai  type,  it  is  apparent  that  the  relation  is  not  so  simple  as  that 
shown  by  the  **  theoretical  curve."  What  influence  the  stabilizer 
has  upon  the  direction  of  the  curves  it  is  difficult  to  say  witli  the 
data  at  hand.  It  does  not  follow  that  the  stabilizer  will  affect 
the  explosion  test  in  the  same  manner  as  it  does  the  heat  test  or 
the  surveillance  test.  The  stabilizer,  while  it  removes  the  prod- 
ucts of  decomposition,  may  of  itself  act  as  a  positive  or  negative 
catalyzer.  If  the  decomposition  be  considered  as  the  dissociation 
of  an  ester,  the  presence  of  a  substance  removing  the  products  of 
decomposition  will  increase  the  rate.  This  has  been  noticed  by 
Mittasch  *  for  nitrocellulose  with  various  basic  additions  and  has 
been  confirmed  by  myself  in  the  case  of  pyroxyline  plastics 
containing  zinc  oxide. 

That  the  cm-ves  do  actually  represent  the  stability  of  the 
powder  with  changing  temperature  and  are  not  accidental  is 
shown  by  the  reproducibihty  of  the  various  points  along  the 
curve,  as  shown  in  the  table;  by  the  fact  that  the  curve  having 
been  determined  by  four  points,  determinations  made  at  varying 
temperatures  are  foimd  to  fall  on  the  curve ;  and  by  the  fact  that 
the  complete  curve  can  be  reproduced  at  widely  varying  intervals. 
(See  curves  L'  and  L".)  The  curves  are  tmdoubtedly  character- 
istic for  the  sample.  The  deviations  for  individual  points  are 
not  large  enough  to  affect  the  general  trend  of  the  curve.  What 
temperatures  are  chosen  must  probably  be  left  to  individual 
requirements;  190°  would  perhaps  be  preferable  to  200°.  At 
1 50°  we  should  have  the  apparent  advantage  that  the  differences 
between  various  samples  become  greater  and  the  disadvantage 
that  the  test  becomes  slower  and  the  results  are  more  subject  to 
accidental  influences.  The  bend  of  the  curve  between  180°  C 
and  160°  C  is,  perhaps,  its  most  characteristic  portion. 

The  curves  fall  into  three  distinct  groups  for  the  samples  tested, 
corresponding  to  their  general  classification  of  good,  fair,  and 
bad.  The  stable  powders  have  a  pronoimced  bend,  while  the 
ratio  of  explosion  periods  at  200°  C  and  160°  C  is  at  least  2:9. 
In  the  unstable  samples  this  ratio  falls  as  low  as  2:3,  and  the 
points  do  not  fit  a  smooth  curve  so  well.     The  curves  for  the  two 

*Locch. 


weim]  Stability  Test  127 

samples  of  raw  nitrocellulose  are  somewhat  peculiar,  being  much 
flatter  and  corresponding  more  nearly  to  the  theoretical  curve. 

The  powders  do  not  always  fall  in  exactly  the  same  order  by 
this  explosion  test  as  they  do  by  the  surveillance  or  the  heat  test, 
but  I  think  this  is  true  to  the  same  extent  for  the  135*^  German 
explosion  test  and  the  ones  mentioned.  This  appears  by  com- 
parison of  the  customary  tests  on  samples  D  and  H : 

D,  Gemian  test  135^  litmus  red  2  hours,  explosion  5  hours ;  surveillance  60. 
H,  Gemian  test ;  explosion  41  minutes ;  surveillance  79. 

From  the  results  given  it  is  evident  that  one  explosion  tem- 
peratiu^,  even  if  time  is  considered,  does  not  give  much  informa- 
tion, while  the  determination  of  the  characteristic  curve  does 
jrield  definite  and  specific  information. 

On  accotmt  of  the  complexity  of  the  conditions  the  test  can 
hardly  be  expected  to  tell  all  that  is  to  be  known,  but  I  Jbelieve 
that  with  sufficient  data  it  may  even  be  made  to  throw  some 
light  on  the  actual  effect  of  the  stabilizer  on  the  natural  decom- 
position velocity  of  the  powder,  as  distinguished  from  the  length 
of  time  before  the  decojnposition  products  become  noticeable, 

CONCLUSION 

The  proposed  method  gives  more  accurate  determinations  of 
the  explosion  temperature  than  the  method  of  heating  with  rising 
temperature. 

It  gives  a  better  comparison  of  the  relative  stability  of  explosive 
substances. 

The  test  is  in  effect  a  determination  of  the  rate  of  change  of 
decomposition  velocity  with  change  of  temperature  and  is  as  such 
characteristic  for  each  sample. 

Washington,  June  22,  1912. 
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tHE  ATOMIC  WEIGHT  OF  BROMINE 


By  RC  P.  Weber 


INTRODUCTION 

A  considerable  amotrnt  of  work  has  been  done  in  order  to  de- 
termine the  atomic  weight  of  bromine,  and  the  oft  repeated  com- 
parison of  the  atomic  weights  of  silver  and  bromine  makes  it  seem 
that  this  ratio  is  known  with  considerable  accuracy.  The  value 
accepted  for  bromine,  however,  rests  almost  entirely  upon  that  of 
silver,  and  it  is  of  interest  and  importance  to  obtain  a  ratio 
between  it  and  some  other  element.  For  chlorine  a  number  of 
determinations  of  the  ratio  of  hydrogen  to  chlorine  in  hydro- 
chloric acid  have  been  made,  both  by  purely  physical  and  by  chem- 
ical methods.  For  bromine  similar  comparisons  have  not  been 
made.  Since  the  determination  of  the  ratio  chlorine  :  hydrogen 
was  carried  out  with  reasonable  ease,  it  seemed  probable  that  the 
method  might  be  advantageously  applied  for  the  piupose  of 
determining  the  ratio  between  hydrogen  and  bromine. 

The  method  which  was  employed  by  Noyes  and  Weber  *  was 
fotmd  to  give  good  results  in  this  case.  The  initial  difficulties  to 
be  overcome  were  somewhat  greater,  which  was  rather  imexpected. 
They  were  largely  due  to  the  physical  properties  of  hydrobromic 
acid  gas  and  were  eliminated  after  the  method  had  been  studied 
for  some  time  and  slight  alterations  in  the  method  of  manipula- 
tion had  been  introduced. ' 

It  is  not  necessary  to  go  into  a  discussion  of  previous  work  on 
bromine  here.  The  entire  subject  matter  is  to  be  foimd  either  in 
Clarke's  '*A  Recalctdation  of  the  Atomic  Weights"'  or  in 
Abegg's  Handbuch,  in  the  chapter  on  "Fimdamental  atomic 
weights."  * 

1  This  Bulletin,  4,  p.  345;  1908.    (Reprint  No.  81):  J.  Am.  Chem.  Soc.  80,  p.  ly,  1908. 

*  Constants  of  Nature,  Part  5.  Smithsonian  Publication  1923;  1910. 

*  Abegg,  Handbuch  der  Anorganisdien  Chemie.,  voL  2, 1;  1905. 
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The  values  which  we  have  for  bromine  have  been  determined 
from  the  following  ratios.  The  values  here  given  are  as  given  by 
Clarke,  with  one  or  two  exceptions. 

KBrO,  :  KBr  (Marignac),  80.291. 

AgBrO,  :  AgBr  (Stas) ,  80.004. 

Ag  :  Br  (Marignac;  Stas;  Himtington;  Richards;  Richards, 
Collms,  and  Heimrod;  Scott;  and  Baxter).  In  addition  to  these 
a  considerable  niunber  of  determinations  have  been  made  inci- 
dental to  other  work.  These  all  taken  together  give  a  mean  of 
79.918. 

AgCl  :  AgBr  (Dumas,  Baxter),  79.919. 

Ag  :  KBr  (Marignac;  Stas;  Dean;  Richards  and  Mueller), 
79.901. 

AgBr  :  KBr  (Richards  and  Mueller)  (K=39.io),  79.903. 

Ag  :  NH,Br  (Scott,  Stas),  79-935. 

Ag  :  NaBr  (Stas)  (if  Na^23),  79.961. 

These  values  are  calculated  on  the  basis  silver=i07.88.  From 
the  determination  of  the  ratio  Na  :  CI  and  Na  :  Br  by  Goldbaimi,* 
the  value  Br  becomes  79.927  if  sodium  is  taken  as  23.00  and 
chlorine  as  35.462.  The  value  calculated  by  Clarke  from  all  these 
determinations  is  79.9197. 

PREPARATION  AND  PURIFICATION  OF  MATERIALS 

Hydrogen. — ^The  hydrogen  used  for  the  determinations  was  pre- 
pared by  the  electrolysis  of  a  concentrated  solution  of  barium 
hydroxide.  The  form  of  apparatus  used  has  been  described 
before,*  and  was  similar  to  the  one  used  in  the  work  on  chlorine. 
The  water  used  in  the  generator  was  *' conductivity  water."  The 
barium  hydroxide  was  prepared  by  recrystallizing  the  purest  com- 
mercial compoimd  several  times  of tener  than  was  necessary  to 
free  it  of  chlorine.' 

,.    *  J.  Am.  Chem.  Soc..  tS.  p.  35;  19x1. 

*  This  Bulletin  4.  p.  179;  1908  (Reprint  Na  77-)*    Noyes,  J.  Am.  Chem.  Soc.  S9.  p.  1721. 

*  It  was  first  attempted  to  remove  any  chlorine  present  by  shaking  the  nther  coacentrated  solution  of 
barium  hydroxide  with  silver  oxide.  Considerable  quantities  of  silver  went  into  solution,  however,  and 
this  method  was  abandoned.  It  may  be  well  to  call  attention  to  the  advantages  of  the  barium  hydroxide 
dectrolyte  at  this  point.  Asidefromthefa«tthatitisusuallyof  greater  purity  than  sodium  or  potassium 
hydrooddes,  it  offers  cextain  advantages  in  its  manipulation.  A  solution  saturated  at  about  50*  C  was  used. 
On  account  of  the  great  variation  of  solubility  with  the  temperature,  this  deposits  a  considerable  quantity 
of  cnrstals  in  the  dectrolytic  cell  upon  cooling.  As  the  current  is  sent  throu^  the  apparatus  the  solution 
warms  up  slightly,  some  of  the  crystals  redissolve  and  the  resistance  goes  down.  Within  certain  limits 
the  resistance  adjusts  itself  to  the  load.  Thus  in  the  apparatus  used  the  initial  resistance,  including  a 
certain  outside  resistance,  was  40  ohms.  After  the  barium  hydroxide  had  dissolved  completely  the  resist- 
ance under  the  same  conditions  was  xo  ohms.  The  apparatus  was  connected  to  a  xao-volt  lighting  circuit 
and  za  amperes  could  be  sent  through  the  apparatus,  giving  0.448  g  of  hydrogen  per  hour.  The  mpamtua 
was  kept  well  cooled  by  a  stream  of  water  when  running  at  this  load. 
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The  hydrogen  generated  in  the  electrolytic  cell  passed  first 
through  a  heated  hard  glass  tube,  40  cm  long,  filled  with  platinized 
quartz.  Then  it  passed  through  a  30-cm  length  of  fused  potassium 
hydroxide,  and  then  through  three  tubes,  each  about  30  cm  long, 
containing  resublimed  phosphorus  pentoxide.  The  apparatus  was 
of  glass  throughout,  connections  between  hard  and  soft  glass  being 
made  by  means  of  ground  joints  sealed  together  by  means  of  a 
hard  cement.  When  not  actually  in  use  the  apparatus  was 
sealed  up. 

Bromine  and  hydrobromic  acid. — In  preparing  the  materials  it 
was  desired  to  limit  the  reagents  used  in  the  process  of  purification 
to  such  as  were  strictly  of  the  same  degree  of  ptuity  as  the  material 
being  treated  and  further  to  employ  such  transformations  only  as 
would  introduce  no  elements  not  desired  in  the  final  product. 
While  the  logic  of  this  plan  is  obvious,  it  is  not,  or  can  not,  always 
be  followed  in  work  of  this  character.  It  could  not  be  followed 
strictly  in  this  work.  On  the  whole  the  transformations  employed 
in  the  course  of  purification  of  the  materials  were  largely  physical. 
The  reagents  used  in  the  preparation  of  the  final  material  were 
limited  as  closely  as  possible  to  hydrogen,  platinum,  bromine, 
potassium  salts  and  water.  Aside  from  these  reagents,  formic 
acid  was  used  for  the  reduction  of  the  bromplatinate  to  platinum 
black,  and  oxalic  add  in  the  form  of  potassitun  oxalate.  In  the 
case  of  potassitun  oxalate  two  fusions  intervened  before  the  final 
product,  potassitun  bromide,  was  obtained. 

The  ptuification  of  the  bromine  and  the  hydrobromic  add  may 
be  considered  as  one  case.  The  original  material  was  an  espedally 
pure  sample  of  bromine.^ 

Thirty-two  potmds  of  this  bromine  were  taken  at  the  beginning 
of  the  work.  This  was  distilled  three  times  from  a  solution  of 
potassitun  bromide  (made  from  a  portion  of  the  same  bromine 
and  ptu'e  potassitun  oxalate) .  It  was  then  cooled  tmtil  all  but  a 
small  portion  had  crystallized.  The  liquid  was  rejected.  The 
crystals  were  allowed  to  melt  gradually  and  the  liquefied  bromine 

'  The  MaUlnckiodt  Chemical  Co.  consented  to  prepare  thit  espedally  for  the  purpose.  It  consisted  dL 
about  40  pounds  whldi  represented  the  middle  fraction  of  a  large  quantity  of  their  purest  bromine.  The 
analysis  made  at  the  factory  acomding  to  the  method  of  Andrews  showed  at  the  outset  a  quantityof  chlorine 
which  was  negligible.  Iodine  was  present  in  very  small  quantity.  Besides  this  the  chief  impurity  was  a 
trace  of  organic  materiaL 


134  BuUeHn  of  the  Bureau  of  Standards  {va.o 

was  poured  off  from  time  to  time  until  half  of  the  bromine  had 
liquefied.  The  further  treatment  of  this  liquefied  portion  will  not 
be  discussed.  Although  it  was  treated  ftuther  in  exactly  the  same 
way  as  the  crystals  from  which  it  had  been  removed,  it  did  not  give 
so  pure  a  product  and  was  used  only  in  the  purification  of  the 
platintun.  The  solid  portion  melted  at  —  7®  C.  It  was  again 
crystallized  and  a  small  liquid  residue  was  rejected.  The  solid 
material  was  again  allowed  to  melt  gradually  and  the  melt  was 
removed  in  small  successive  portions,  in  order  to  wash  the  crystals 
remaining  as  thoroughly  as  possible,  until  one-half  had  been 
removed.  The  bromine  remaining  in  the  solid  condition,  which 
now  represented  one  fourth  of  the  original  quantity,  melted  at 
—  7.2®  C.  This  was  designated  as  D.  C.  C.  and  was  the  only 
sample  that  entered  into  the  final  work.  The  liqtiid  quarter  which 
was  treated  ftuther  in  a  manner  similar  to  the  rest  was  used  in  the 
preliminary  determinations.  It  is  designated  as  D.  C.  L.  for  con- 
venience. 

The  bromine  was  next  converted  into  hydrobromic  add  by 
means  of  hydrogen.  The  hydrogen  was  generated  electrolytically 
from  a  solution  of  piu^  potassiiun  hydroxide,  using  four  twenty- 
ampere  cells  in  parallel.  From  the  hydrogen  generator  the  gas 
bubbled  through  the  heated  bromine.  The  mixtiu^  of  bromine 
and  hydrogen  then  passed  through  a  heated  glass  tube  about  one 
meter  in  length  which  was  filled  with  platinized  quartz  (prepared 
with  bromplatinic  acid).  The  hydrobromic  acid  formed  was  ab- 
sorbed by  conductivity  water.  With  the  proper  adjustment  of 
the  rate  of  the  hydrogen  evolution  and  the  temperature  of  the 
bromine,  the  mixed  gases  burned  as  a  continuous  flame  at  the 
entrance  to  the  platinized  quartz  tube,  and  neither  constituent 
remained  in  excess  at  the  end  of  the  system,  which  was  sealed  by 
a  water  trap.  While  it  was  possible  to  obtain  the  hydrobromic 
add  practically  colorless  it  was  considered  best  to  carry  the  re- 
action on  so  that  a  slight  excess  of  bromine  remained  with  the 
add.*  The  apparatus  was  of  glass  throughout,  all  connections 
being  made  by  groimd  glass  joints.    The  hydrobromic  add  thus 

*  Some  platinum  was  always  found  with  the  add  fonned.  Whether  this  was  carried  over  medianically 
by  the  heavy  vapor  olhydiobromic  add  is  not  certain.  The  arrangement  of  the  apparatus  did  not  make  thb 
seem  likely.  WShler  and  Spengd.  Zs.  AnaL  Cbem.,  M  p.  167:  X91X.  have  shown  that  platinum  is  volatile 
when  heated  in  a  current  of  chlorine,  less  so  idien  heated  in  a  curtcnt  ti  biomine. 
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framed  was  distilled  twice.  In  the  first  distillation  the  excess 
of  water  and  the  free  bromine  were  removed.  No  iodine  could  be 
detected  in  the  advance  portion  of  the  distillate.  The  portion 
coming  over  colorless  and  of  the  constant  boiling  concentration 
was  collected.  This  was  then  redistilled  with 
some  bromolatinic  add  •  made  from  the  same 
material. 

The  hydrobromic  add  was  then  decomposed 
into  hydrogen  and  bromine  by  electrolysis. 
The  apparatus  is  shown  in  Fig.  i . 

The  electrodes  were  of  Acheson  graphite,  the 
lead  wires  of  silver,  and  otherwise  nothing  but 
glass  entered  into  the  composition  of  the  appa- 
ratus. When  nearly  all  of  the  hydrobromic 
add  had  been  decomposed  the  bromine  was 
distilled  from  the  solution.  No  chlorine  could 
be  detected  in  any  of  the  residues  from  the 
distillation. 

The  bromine  so  obtained  was  once  more  dis- 
tilled from  a  solution  of  potassium  bromide 
made  from  the  same  material.  One-fourth  of 
this  bromine  was  again  converted  into  hydro- 
bromic add  and  then  redistilled  several  times 
with  the  addition  of  water  and  some  bromine, 
and  then  with  the  addition  of  bromplatinic 
add.  The  first  portion  of  the  distillate,  con- 
taining dilute  add  and  free  bromine,  was 
rejected  in  every  case.  The  add  was  then 
kept  in  well  seasoned  bottles  which  had  been 
used  for  the  same  materials  for  a  long  time  Fig.  1 

previously.  The  remainder  of  the  bromine  which  was  not  con- 
verted into  hydrobromic  add  was  distilled  twice  from  a  solution 
of  HBr  and  once  from  bromplatinic  add.  The  material  was  then 
set  aside.  Directly  before  use  both  bromine  and  hydrobromic 
add  were  distilled  at  least  once  in  every  instance. 

*  Ttu  oriiiii«l  bmmiiK  oaatamnl  orinalc  nuttci.  Tfal*  cuntciitntal  laridy  io  the  pottion  which 
Uqiufisl  Bnt  and  which  mu  rrjcctol.  There  wu  not  fnouih  d  thli  motaial  obtainol  to  examine  It  very 
thanw(b)r  but  a  lubstance  wu  lound  unooc  otlier  thfaiEs.  which  pive  ■  biontitotiiute.  The  brun- 
plitinlc  acid  wu  added  to  retain  thii  impuritr.   Hut  aliDhatic  bi 
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The  following  scheme  will  show  at  a  glance  the  processes  which 
the  material  underwent  during  purification : 

Bromine  (32  pounds) 


f 


Distilled  three  times 


Crystallized 
Crystals^  (m.  />.— 7°) 


Liquid 


Crystals(bCC)*«  Liquid(DCL)*«  Crystals (DLC)**  l4quid(DLL)*« 
m.  p. — 7.2* 


HBr  HBr  HBr 

electrolyzed  after  double  distillation 

I 

Br»» 
listilled  twice 


HBr 


Br 


11 


Br 


11 


Br 


11 


A 

HBr(886g)  Br(2500g)  HBr  Br 
dist.  dist. 

twice         twice 

I 


HBr 


Br        HBr 


Br 


KBr      H,Pt  Br, 

I 
H,Pt  Bre 

/ 
K,Pt  Br. 


Used    for     Used  for  piuifica- 
practice  deter-  tion  of  platintun 
minations 


**  No  iodine  or  dilorine  was  to  be  found  in  any  ci  the  fractions.   Organic  matter  in  residues  from  DLL. 
"  No  dilorine  was  to  be  found  in  any  of  the  residues  from  this  distillation.    For  this  fmrpose  m  cc  of 
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mine  was  then  precipitated  from  this  ammoniacal  solution  by  silver  nitrate.  The  8<Jution  was  decanted 
after  standing  over  night.  Silver  was  removed  by  hydrogen  sulphide,  the  sohition  evapotated  with  iodic 
add  and  phosphorous  acid  to  remove  Br  accofding  to  the  Andrews  method.  The  residue  ol  5.4  cc  gave  only 
the  very  faintest  opalescence  with  silver  nitrate.  In  connection  with  the  tests  for  iodine  in  the  materials 
used,  the  delicacy  of  various  tests  was  examined.  It  was  soon  found  that  the  presence  of  the  very  materials 
to  be  tested  interfered  seriously  with  the  sensitiveness  ol  most  of  the  reactions.  As  an  example  of  this 
the  duuacteristic  reaction  with  chloroform  was  readily  obtained  with  z  mg  of  iodine  in  ao  cc  of  solution. 
When  10  cc  of  constant  boiling  hydrobromic  add.  or  the  same  quantity  of  saturated  potassinm  bromide 
sohition,  were  added  to  the  water  and  test  tube  was  shaken,  the  coloration  of  the  diloroform  vanished. 
Under  similar  conditions  the  palladium  iodide  reaction  failed.  The  diaracteiistic  platinum  reaction,  used 
commonly  as  a  test  for  platinum  only,  seemed  to  be  affected  leas  than  the  other  tests.  In  the  absence  of 
interfering  substances  as  little  as  o.oz  mg  of  iodine  would  develop  the  dutfacteristic  rose  tint  in  about  ten 
mintitfs.  The  most  satisfactory  method  was  found  to  consist  in  the  removal  of  the  salts  by  fractional  pro- 
citation  as  has  been  proposed  for  the  rramination  of  water  for  iodine. 

One  hundred  grams  of  sodium  bicarbonate  were  neutralized  with  the  hydrobromic  add  DLL.  To 
ooe-half  of  the  sohition  z  mg  of  iodine  was  added  and  the  two  portions  were  then  treated  in  paraUeL  About 
half  of  the  dissolved  salt  was  precipitated  by  alcohoL  The  precipitate  was  boiled  and  washed  with  akohoL 
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Potassium  bromide. — ^The  potassium  for  the  potassium  bromide 
was  obtained  from  the  oxalate.  The  original  plan  was  to  prepaiie 
the  hydroxide  by  electrolysis  of  potassium  oxalate,  using  a  mercury 
cathode  and  a  platinum  anode.  It  was  necessary  to  obtain  con- 
siderable quantities  (kilograms)  of  the  hydroxide,  and  rather  large 
current  densities  were  therefore  employed  in  the  trial  experiments. 
The  mercury  amalgam  obtained  was  decomposed  by  allowing  it 
to  remain  in  contact  with  pure  water  in  a  large  platinmn  dish. 
About  500  g  of  potassium  hydroxide  were  prepared  in  this  way. 
Upon  examination  the  product  was  found  to  contain,  besides 
platinum,  considerable  quantities  of  mercury,  and  the  scheme  was 
abandoned. 

C.  P.  potassitun  oxalate,  containing  a  trace  of  chlorine  only, 
was  recrystallized  with  centrifugal  drainage  of  the  crystals  until 
the  ordinary  tests  failed  to  show  chlorine.  Recrystallization 
was  then  continued  with  more  rigorous  examination  of  the  product. 
Since  a  preliminary  test  showed  that  silver  chloride  is  appreciably 
soluble  in  potassitun  oxalate  solutions,  especially  when  these  are 
rather  concentrated,  the  oxalate  was  converted  into  carbonate 
by  ignition.  The  carbonate  was  then  distilled  with  pure  sulphuric 
add  and  the  distillate  was  examined  for  chlorine  by  means  of 
silver  nitrate  in  the  nephelometer.  After  the  fifth  crystallization 
the  mother  liquor  contained  three  parts  of  chlorine  in  a  million 
of  salt.  The  material  still  contained  some  of  the  constituents 
from  the  glass.  Potassium  oxalate  solutions  seems  to  attack 
glass  especially,  and  it  is  not  possible  to  obtain  a  product  which 
will  dissolve  to  a  perfectly  clear  solution  while  working  in  glass. 
It  was  therefore  necessary  finally  to  recrystallize  several  times  in 
platinum. 

Piltnite  and  washings  were  oombined,  evaporated,  and  a  second  precipitation  made.  After  15  fractional 
piectpitaticms  had  been  made  the  mother  liquors  from  the  two  pbrtions  contained  respectively  0.95  and 
0^1  g  of  salts.  From  the  portion  to  whidi  i  mg  iodine  had  been  added  0.5  mg  (estimated  by  oolorhnetric 
oomparison)  was  recovered.  The  saiiq>le  to  whidi  no  addition  had  been  made  gave  no  indication  of  iodine, 
it  is  reasonable  to  assume  from  this  that  at  this  stage  of  the  purification  the  bromine  could  not  have  con- 
tained more  than  x  :  xoo  000  iodine. 

When  liberating  small  quantities  of  iodine,  less  than  a  milligram  for  instance,  it  is  a  difficult  matter  to 
prevent  overshooting  the  mark  with  the  oxidizing  agent  and  consequently  setting  brcoune  free.  The 
iodine  reaction  will  naturally  not  appear  under  these  conditions.  This  difficulty  may  readily  be  circum- 
vented by  first  adding  a  ferrous  salt,  preferably  by  dissolving  some  pure  iron  powder  in  the  add  solution. 
Dilute  bromine  water  may  now  be  added  and  as  little  as  o.  a  mg  of  iodine  in  ao  cc  of  s<Jution  be  discovered, 
while  otherwise  a  milligram  may  csc4>e  detection. 
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The  potassium  bromide  tised  in  the  pmification  of  the  platinmn 
was  obtained  from  this  oxalate  and  purified  bromine  DCL  and 
DLC.  The  bromide  used  in  the  final  determinations  was  made 
by  converting  the  oxalate  into  carbonate  by  ignition  in  an  electric 
furnace.  This  was  dissolved  and  filtered;  the  solution  was  neu- 
tralized with  pure  hydrobromic  add,  crystallized  by  evaporation 
after  having  been  made  alkaline,  and  the  salt  was  then  fused  in 
platinmn. 

Formic  acid. — In  the  reduction  of  the  impure  platinum  salts  in 
the  course  of  the  purification  of  the  platinum,  commercial  soditun 
formate  was  used.  For  the  pmrer  material  purified  formic  add 
and  potassium  carbonate,  the  latter  prepared  as  for  the  bromide, 
were  used.  The  commercial  formic  add,  which  contained  some 
chlorine,  was  first  distilled  with  silver  carbonate.  The  distillate 
was  chlorine  free.  It  was  then  fractionally  distilled  four  times 
and  the  portions  having  a  density  1.21  to  1.22  were  collected. 
The  add  was  then  recrystallized  a  nmnber  of  times  and  the  por- 
tion having  a  melting  point  of  about  8°  C  was  finally  used." 

PlatinunL — Part  of  the  platinum  used  had  been  purified  for  the 
work  on  chlorine.  About  250  g  of  platintun  were  used  in  all. 
The  platinum  was  first  converted  into  chlorplatinic  add  by  aqua 
regia,  the  greater  part  of  the  iridium  being  removed  by  reduction 
with  caustic  soda  according  to  Schndder  and  Seubert.*'  It  was 
predpitated  three  times  as  potassitun  chlorplatinate,  the  pre- 
dpitate  being  reduced  in  each  case  with  formate  and  the  finely 
divided  platinmn  black  being  boiled  with  dilute  hydrochloric  add 
for  some  time  in  order  to  remove  as  much  of  the  iron  as  possible. 
Next  the  platinum  was  converted  into  bromplatinic  add  by  means 
of  commercially  pure  hydrobromic  add  and  bromine.  Some  iriditun 
remained  insoluble  here  and  was  removed  by  filtration.  After  the 
excess  bromine  had  been  removed  by  distillation,  potassimn  bro- 
mide was  added  and  the  predpitated  potassium  bromplatinate  was 
collected  on  a  porcdain  filter,  washed,  and  then  reduced  with  piu^ 
formic  add  and  potassitun  carbonate.    The  finely  divided  plati- 

>*  As  it  the  case  wHh  acetic  add,  the  meltinc  point  of  fotmic  acid  changes  mncfa  more  maikedly  than 
the  density  after  the  acid  has  reached  a  concentration  of  about  95  per  cent.  Taking  the  molecukr  lowcrinf 
of  the  melting  point  of  formic  add  as  29*  C,  5  per  cent  of  water  wocdd  lower  the  melting  point  aboat  7.5*  C 
The  farther  purification  was  therefore  followed  by  means  of  the  mdting  point. 

u  Giaham-Otto's  Lehrbucfa  II.  4,  p.  1x53;  1889. 
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ntim  black  was  heated  with  hydrobromic  acid  "  for  seven  or  eight 
hotirs  to  remove  baser  metals. 

Before  being  dissolved  again  the  platinum  black  was  finally 
heated  to  about  400°  C  in  order  to  render  iridium  less  soluble  and 
remove  volatile  products,  such  possibly  as  occluded  carbon  mon- 
oxide from  the  formic  add. 

In  all,  the  platinum  had  been  converted  into  the  chlor- 
platinate  three  times  and  into  the  bromplatinate  seven  times. 
The  seventh  time  the  bromplatinic  acid  was  prepared  by  dissolv- 
ing the  platintun  electrolytically  in  hydrobromic  acid  in  an  appa- 
ratus similar  to  the  one  used  for  the  preparation  of  chlorplatinic 
add.^*  During  the  course  of  the  determinations  the  platintun 
was  reduced  and  converted  into  the  bromplatinate  three  times 
more.  In  spite  of  this  long  course  of  piuification  the  platinum 
was  not  absolutely  free  from  other  platintun  metals.  (This 
wotild,  however,  not  aflfect  the  bromine  valiie.)  Bach  time  the 
platintun  was  dissolved  a  residue  of  irriditun  remained.  This  was 
especially  noticeable  if  the  platintun  had  been  strongly  heated. 
On  the  other  hand  the  mother  liquor  from  the  bromplatinate 
always  contained  platintun  metals  and  traces  of  iron.  It  was 
evident  that  these  residuals  were  gradually  decreasing  in  quantity. 
Thus  the  mother  liquor  from  the  last  predpitation  made,  in  which 
1200  g  of  bromplatinate  were  prepared,  gave,  besides  platintun, 
a  few  milligrams  of  other  metals  consisting  mainly  of  rhoditun. 
Among  other  things  traces  of  lead  cotild  always  be  detected. 

Potassium  bromplatinate. — ^The  potassitun  bromplatinate  was 
prepared  by  the  action  of  bromine  and  hydrobromic  add  on 
platintun  and  predpitation  of  the  brpmplatinic  add  formed  with 
potassitun  bromide. 

After  the  platintun  black  had  been  washed,  dried,  and  heated 
to  about  400°  C  it  was  transferred  to  250  cc  glass-stoppered  bot- 

M  Xhe  findy  divided  platinum  black  always  dissolved  to  a  noticeable  extent  in  the  hydrobromic  add. 
This  treatment  is  not  pourticularly  well  adapted  to  the  removal  of  baser  soluble  metals,  such  as  iron.  Repre- 
cipitatioa  ti  the  platinum  as  the  complex  salt  is  mudi  more  effective.  In  general  the  extreme  tenacity 
with  idiich  pistinimi  blade  retains  other  substances  was  one  of  the  factors  wUdi  had  to  be  taken  into 
ronsirirffation.  With  quantities  of  over  aoo  g  at  least  04  hours  of  continuous  washing  with  hot  water  was 
necessary  before  the  wash  water  was  free  from  bromine.  Platinum  blade  thus  treated  would,  nevertheless, 
give  off  large  quantities  of  bromine  vapors  when  heated  to  3oo*-4oo*  C.  The  loog-coiftinued  washing 
was  necessary  to  remove  formic  add  and  potassium  bromide,  whidi  would  interfere  subsequently  in  the 
iweparation  of  the  bromplatinic  acid. 

^  Weber.  Preparstion  of  cfakxplatinic  add.  This  Bulletin,  4,  p.  365:  1908  (reprint  No.  8a).  J.  Am. 
Chcm.  Soc,  30.  p.  «». 
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ties.  The  same  bottles  had  been  used  in  the  purification  of  the 
platinum  and  were  well  seasoned.  Seventy  to  eighty  grams  of 
platintun  were  taken  to  each  bottle.  Bromine  and  hydrobromic 
add  were  then  mixed  in  the  ratio  2HBr  :  4Br.  Enough  of  this 
mixture  to  combine  with  all  of  the  platinum  and  about  30  per 
cent  in  excess  were  then  added  to  the  platinum.  After  waiting 
a  moment  and  shaking  the  mixture  up  a  few  times,  in  order  to 
allow  occluded  gases  to  escape,  the  bottles  were  seciu^ly  stoppered. 
They  were  then  placed  in  beakers  containing  distilled  water  and 
heated  on  the  steambath.  After  a  variable  period,  depending  on 
the  physical  condition  of  the  platintun, *•  the  metal  was  com- 
pletely dissolved. 

The  solutions  of  bromplatinic  acid  from  the  various  bottles 
were  then  combined  and  the  excess  of  bromine  was  distilled  off. 
After  dilution  with  sufficient  water  to  prevent  crystallization  the 
bromplatinic  add  was  filtered  through  a  platinized  Gooch  crudble. 
A  small  quantity  of  undissolved  material,  iridium,  usually  re- 
mained on  the  filter.  The  solution  was  then  cooled  with  ice  and 
added  drop  by  drop  to  a  nearly  saturated  solution  of  potassium 
bromide.  An  excess  of  35  per  cent  of  potassium  bromide  was  used 
for  the  predpitation  of  the  bromplatinate.  The  bromplatinic  add 
as  prepared  contained  a  considerable  excess  of  hydrobromic  add, 
the  potassium  bromide  was  used  in  excess,  and  the  solutions  were 
kept  cold  and  as  concentrated  as  possible  in  order  to  prevent 
hydrolysis.  Diuing  the  predpitation  the  material  was  stirred 
constantly  and  was  then  left  standing  in  the  cold  solution  several 

**  If  the  platlnttm  was  very  findy  divided  and  liad  not  been  heated  much  alxnre  300*  C  an  80  f  lot  of  the 
metal  would  be  dissolved  completely  after  24  hours  heating  00  the  steam-bath.  At  500*  C  or  so  the  plati- 
numbladc  rapidly  sinten  and  becomes  gray.  The  same  quantity  ol  this  gray  qxnge  requires  a  week  to  ten 
days  continuous  heating  before  it  is  dissolved  completely.  Thb  marked  difference  in  behavior  is  worth 
noting  in  connection  with  the  attempted  separation  of  the  platinum  metals  by  their  difference  in  solubility 
in  various  adds  or  mixtures  of  adds.  At  any  early  stageof  purification  of  the  platinum  an  accident  caused 
considerable  loss  of  time  and  of  some  materiaL  A  greater  quantity  of  platinum  than  usual  was  taken. 
Pot  this  reason  the  mixture  of  bromiue.  hydrobromic  add  and  platinum  was  placed  in  cracked  ice  after 
standing  open  for  a  few  moments.  The  bottle  was  then  stoppered.  Shortly  afterward  the  material  in  the 
bottle  conunenoed  to  seethe  and  before  anything  could  be  done  the  bottle  burst,  throwing  the  material 
about  with  great  violence.  The  platinum  used  had  been  prepared  some  time  before  and  had  been  set 
aside  in  a  desiccator.  When  taken  for  use  it  had  been  moist  in  this  instance.  The  moisture  determination 
previously  made  showed  0.65  per  cent  water.  Ocduded  gases  had  been  given  an  opportunity  to  escape 
while  the  platinum  stood  open  in  the  bottle  with  the  bromine  mixture.  There  were  no  indications  of  sudi 
behavior  at  any  time  previous  to  or  subsequent  to  this  single  instance.  The  pressure  in  the  bottles  never 
rose  above  that  due  to  the  vapor  tension  of  the  bromine  and  hydrobromic  add  mixture  at  temperatures 
near  100*  C.  Possibly  the  platinum  in  this  case  was  in  a  condition  similar  to  that  investigated  by  Cohen 
and  Strengett.  "Bzplosivc  Platinum  Metals."  Zs.  f.  Phys.  Chcm.,  6z,  p.  69S. 
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hours,  with  occasional  stirring.  When  freshly  precipitated  the 
salt  was  usually  yellow  to  orange,  the  color  being  lighter  with  the 
more  finely  divided  precipitate.  In  course  of  time  the  precipi- 
tate darkened,  usually  becoming  a  beautiful  ruby  color.  The 
material  was  not  well  adapted  to  centrifugal  drainage.  It  was 
collected  on  a  Buchner  funnel,  using  S.  and  S.  No.  575  hardened 
filter  paper,  washed  first  with  a  saturated  solution  of  potassium 
bromide  and  then  with  cold  distilled  water.  It  was  next  dried  in  a 
vacuiun  and  then  on  the  steam  bath.  The  btdk  of  the  material 
was  then  kept  in  this  condition. 

About  200  g  of  this  material  were  taken  for  each  determination. 
This  quantity  of  air-dried  bromplatinate  was  transferred  to  a  hard 
glass  tube  with  ground-glass  stoppers  and  heated  to  500°  C  in  an 
electric  furnace.  The  tube  was  evacuated  to  a  pressure  of  20  mm 
of  merctuy,  and  pure  dry  air  was  drawn  over  the  bromplatinate 
at  this  pressure.  After  at  least  eight  hours  heating  at  this  tem- 
perature the  material  was  transferred,  with  as  little  exposure  to 
the  air  as  possible,  to  the  apparatus  in  which  the  determination 
was  to  be  made.  The  opening  through  which  it  had  been  intro- 
duced was  immediately  sealed  off.  The  apparatus  was  then 
evacuated  to  a  few  thousandths  of  a  millimeter  and  heated  to 
400°  C.  Any  gas  which  acctunulated  was  removed  from  time  to 
time.  It  was  then  left  overnight  at  about  300°  C.  Properly  pre- 
pared and  pure  bromplatinate  would  not  show  an  appreciable 
increase  in  pressure  in  the  apparatus  by  the  next  morning.  The 
changes,  if  any,  amounted  only  to  thousandths  of  a  millimeter. 
After  having  been  prepared  in  this  way  the  apparatus  containing 
the  bromplatinate  was  allowed  to  cool,  was  cleaned  and  rinsed 
with  distilled  water,  and  set  aside  to  be  weighed.  The  brom- 
platinate used  in  the  last  five  determinations  was  prepared  from 
hydrobromic  acid  and  potassitun  bromide,  which  resulted  from 
the  preceding  determinations,  and  from  bromine  DCC.*^ 

17  During  the  purification  of  the  materials,  some  trial  runs  were  made  with  bromplatinate  prepared  from 
the  bromine  which  has  been  designated  as  DLL.  This  material  gave  off  vapors  when  heated  to  500*  C 
and  was  in  general  more  unstable  than  the  salt  prepared  from  imrer  materials.  Neither  could  so  good  a 
vacuum  be  obtained  with  this  salt.  On  attempting  to  carry  out  a  determination,  a  permanent  gas  was 
obtained  whidi  made  it  impossible  to  carry  the  determination  to  a  satisfactory  conclusion.  The  actual 
weight  of  this  gas  was  small  and  amounted  to  but  a  centimeter  pressure  in  a  volume  of  150  cc,  not  enough 
to  affect  the  results.  Still  it  acted  as  a  gas  phig  and  effectually  blodced  the  condensation  of  the  hydro- 
bromic add  f(»med.  Subsequent  examination  of  the  platinum  salt  showed  the  presence  of  a  small  amount 
of  organic  matter,  whidi  could  not  be  identified  with  certainty.  Organic  matter  had  also  been  found  in 
the  bromine  Dt,h,  ftnd  none  of  this  material  was  used  in  the  final  detenninations. 

82208*'— 13 10 
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Water.— The  water  used  was  three  times  distilled.  In  the  third 
distillation  only  the  middle  portion  of  low  conductivity  was  col- 
lected. The  final  product  had  a  conductivity  of  i  to  1.5X  io"«. 
It  was  kept  in  a  large,  glass-stoppered  bottle,  which  was  thoroughly 
aged,  and  was  protected  from  atmospheric  impurities  by  a  soda 
lime  bulb  and  by  a  sulphuric  acid  tube. 

Balance  and  weights. — ^The  balance  was  a  Ruprecht,  designed 
to  carry  a  kilogram  in  each  pan.  The  manner  of  drying  the  air  of 
the  balance  case  has  been  described  in  the  paper  on  the  atomic 
weight  of  hydrogen,  by  Noyes.** 

A  slight  change  was  made  in  the  housing  of  the  balance  case. 
The  balance,  with  its  glass  inclosure,  was  placed  in  a  large  copper 
case,  which  was  blackened  inside  and  out  and  formed  a  box  which 
was  almost  air  tight.  The  whole  apparatus  was  arranged  to  exclude 
any  radiation  while  the  weighing  was  being  made.** 

A  small  window  in  the  case  and  a  lens  permitted  reading  the 
swings  of  the  balance  pointer.  A  small  cardboard  funnel,  white 
on  the  inside  and  blackened  on  the  outside,  illuminated  the  balance 
scale  without  permitting  any  light  to  enter  the  rest  of  the  balance. 
The  metal  case  itself  was  grounded,  by  a  wire  connection,  to  the 
laboratory  piping.  A  small  beaker  containing  radioactive  pitch- 
blende was  placed  inside  of  the  balance  case.  In  this  way  unequal 
effects  on  the  balance  beam,  due  to  radiations  of  various  kinds,  or 
to  electric  charges,  were  eliminated  as  much  as  possible. 

The  three  pieces  of  apparatus,  the  palladium  tube,  the  platinum 
tube,  and  the  absorption  or  hydrobromic  add  tube,  were  weighed 
against  counterpoises  of  glass.  In  the  case  of  the  palladitun  tube, 
by  means  of  which  the  hydrogen  was  weighed,  the  counterpoise 
was  made  from  the  same  lot  of  glass  and  was  shaped  as  nearly  as 
possible  of  the  same  form,  in  order  to  duplicate  the  surface  as 
well  as  the  voliune  of  the  palladitun  tube.  Its  volume  was  within 
0.15  cc  and  its  weight  within  3.5  g  of  that  of  the  palladitun  tube. 
The  only  vacuum  correction  necessary  on  the  weight  of  the  hydro- 
gen was  that  due  to  these  small  weights. 

The  counterpoises  for  the  bromplatinate  tube  and  the  hydro- 
bromic add  tube  were  within  a  cubic  centimeter  of  the  volume  of 

1*  J.  Amer.  Chan.  Soc,  M,  p.  1733.    This  Bulletin,  4«  p.  179;  1908.    (Reprint  Na  77). 
>*Manley.  Trans,  of  the  Royal  Society,  aio,  p.  587.  has  shown  that  small  tempeiatuxe  fluctuations  ti  the 
balance  beam,  due  to  radiation,  affect  the  zero  d  the  balance. 
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these  respective  pieces  of  apparatus.  The  weights  employed  here 
were  of  necessity  larger,  since  the  changes  in  weight  amounted  to 
80  g  and  the  vacuiun  corrections  were  correspondingly  larger.  It 
may  be  noted  here  in  passing  that  the  allowable  error  on  these 
two  pieces  of  apparatus  was  eighty  times  that  of  the  hydrogen 
tube. 

Before  being  weighed  all  pieces  of  apparatus  were  rinsed  with 
distilled  water,  wiped,  and  transferred  to  a  glass  case  through 
which  dry  air  was  passing.  Weighings  of  the  hydrogen  tube  were 
made  after  the  tube  had  been  suspended  in  the  balance  over- 
night. With  the  other  pieces  at  least  two  hours  were  allowed  to 
elapse  between  handling  and  weighing  the  apparatus.  The  air 
current  passing  through  the  balance  was  shut  oflf  15  minutes 
before  a  weighing  was  made.  Weighings  were  made  by  swings, 
the  sensibility  of  the  balance  being  determined  for  each  weighing, 
the  readings  being  taken  over  a  range  of  2  mg.  The  weight  taken 
was  the  average  of  foiu:  to  five  observations  of  about  10  swings 
each.  For  the  hydrogen,  observations  were  made  at  separated 
intervals  of  time.  These  individual  observations  rarely  differed 
by  as  much  as  0.05  mg  and  usually  only  by  o.oi  or  0.02  mg.  With 
every  weighing  of  the  hydrogen  tube  the  zero  point  of  the  balance 
was  determined. 

The  balance  and  the  method  of  weighing  have  been  described 
in  some  detail  here  for  the  reason  that  it  seems  that  the  accuracy 
of  the  determinations  is  limited  chiefly  by  the  accuracy  with 
which  the  hydrogen  may  be  weighed.  On  account  of  the  large 
ratio  small  errors  on  the  other  constituents  practically  vanish. 

Weights. — ^The  weights  used  were  those  which  served  in  the 
work  on  chlorine.  They  were  twice  calibrated  during  that  inves- 
tigation and  a  third  time  dtuing  the  investigation  on  bromine. 
There  was  no  appreciable  change  in  the  corrections. 

METHOD  OF  CARRTING  OUT  THE  DETERMINATIONS 

The  method  of  canying  out  the  determinations  and  the  appa- 
ratus used  was  essentially  the  same  as  that  used  in  the  chlorine 
work.**  

Ml^ocdt 
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The  palladitim  tube  used  was  capable  of  absorbing  about  2.3  g 
of  hydrogen.  The  absorption  tube  for  the  hydrobromic  acid  was 
somewhat  larger  than  in  the  previous  investigation,  each  bulb 
having  a  capacity  of  about  135  cc.  While  the  theory  of  the  deter- 
mination was  precisely  the  same  as  that  of  the  previous  work  the 
actual  manipulation  was  considerably  more  difficult.  The  first 
13  determinations  which  were  made  gave  results  having  no  value 
whatever,  as  far  as  accuracy  is  concerned.  In  some  cases  the 
reaction  would  not  proceed  with  reasonable  speed;  in  others  it 
was  not  possible  to  reduce  the  presstire  in  the  system  at  the  end 
of  a  determination.  In  the  latter  case  it  was  not  possible  to  find 
and  determine  the  hydrogen  left  over,  since  the  hydrobromic  add 
also  present  immediately  fouled  the  merctuy  ptunp.  Another 
very  serious  error  lay  in  the  accidental  diffusion  backward  of 
hydrobromic  add  to  the  palladium  tube.  This  add  could  be  fotmd 
after  the  determination  had  been  carried  to  an  end  by  passing 
hydrogen  over  the  heated  palladitun.  The  hydrobromic  add  was 
given  off  from  the  palladium  much  more  slowly  and  imperfectly 
than  hydrochloric  add  under  the  same  conditions." 

Considerable  time  and  labor  were  spent  in  overcoming  these 
difficulties.  The  backward  diffusion  of  hydrobromic  add  was 
finally  prevented  by  the  use  of  anhydrous  copper  sulphate  as 
described  further  on.  The  condensation  of  the  hydrobromic  add 
and  its  transfer  to  the  water  was  effected  in  two  operations  instead 
of  one.  This  made  it  possible  to  bring  the  apparatus  to  a  satis- 
factorily high  vacuum  at  the  close  of  the  determination.  With 
these  changes  in  manipulation  the  large  discrepandes  between  the 
wdght  of  H-f  Br  and  the  wdght  of  HBr,  which  has  been  usual 
before,  disappeared.  On  account  of  these  and  other  apparent 
errors  all  determinations  made  previous  to  these  changes  have 
been  disregarded  as  a  whole. 

The  sketch  of  the  apparatus,  Fig.  2,  shows  the  relative  arrange- 
ment of  the  parts  for  a  determination.  The  connection  between 
the  hydrogen  and  the  bromplatinate,  which  at  the  same  time 
formed  the  connection  to  the  vacuum  pump,  contained  a  section 
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about  5  cm  in  length  which  was  filled  with  anhydrous  copper  sul- 
phate." 

After  the  different  parts  of  the  apparatus  had  been  sealed 
together  by  means  of  a  hard  cement  the  comiections  were  evacu- 
ated to  a  few  thousandths  of  a  millimetCT  residual  pressure.  The 
system  was  then  allowed  to  stand  for  20  minutes,  the  platinum 
being  heated  meanwhile.  If  no  leaks  showed  the  stopcock  to 
the  pump  was  closed  and  the  actual  transfer  of  material  was  com- 
menced. The  condensation  bulb  for  the  hydrobromic  acid  was 
surrounded  by  liquid  air,  and  the  hydrogen  was  allowed  to  enter 


^< 


Fig.  2 

the  bromplatinate  tube  gradually.  The  flow  of  the  hydrogen  was 
regulated  by  the  temperature  to  which  the  palladium  tube  was 
heated  and  by  the  adjustment  of  the  stopcocks.  The  brom- 
platinate was  kept  at  25o°C  during  the  main  part  of  the  determi- 
nation and  raised  to  4oo°C  toward  the  end.     The  white,  solid 

"  The  copper  nilplute  was  prepared  br  rrcryBtalliibji  the  commerdal  mlt  until  free  from  haloseo.  It 
wii  then  dehydrated,  fint  at  low  heat,  finally  adding  scmie  aulijhuiic  add  and  beating  to  about  350*0. 
Hug  material  u  not  affected  by  hydrosen  at  Domtal  tempsatures  and  abaoxba  hydTobroodc  afid  gteedilr. 
Thesalttunualmoatblack  when  tfaehydrobniDLlcacidnTlkaH.  At  very  low  premies  the  hydrobnHBio 
acid  may  be  liberated  by  centle  waimlnE,  leavhiE  the  copper  aulpliate  unaffected.  The  lalt  thccrion 
and  aSB  tnp  to  prevent  ita  mdiiB 
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hydrobromic  add  appeared  in  the  condensation  bulb  immediately 
after  the  hydrogen  was  admitted  to  the  bromplatinate.  After  a 
while  the  bulb  was  filled  with  a  white  snowy  mass  and  the  con- 
densation became  slower,  the  pressure  rising  at  the  same  time. 
From  this  period  onward  the  process  had  to  be  interrupted  from 
time  to  time  in  order  to  allow  the  hydrobromic  add  to  melt  par- 
tially and  sinter  together  into  a  more  compact  mass.  As  the  pres- 
sure in  the  apparatus  rose  considerably  during  this  manipulation 
it  was  necessary  to  close  the  stopcock  between  the  bromplatinate 
and  the  copper  sulphate  during  the  process. 

When  a  suffident  amount  of  hydrobromic  add  had  been  formed, 
the  stopcocks  between  the  platimun  and  hydrogen  tubes  were 
again  closed,  and  the  hydrobromic  add  formed  was  condensed  as 
completely  as  possible.  The  small  amount  of  hydrogen  left  in  the 
connecting  tube  was  allowed  to  enter  the  platinum  tube  from 
time  to  time  as  the  pressure  fell.  It  usually  took  two  to  three 
hours  to  reduce  the  pressing  in  the  apparatus  to  a  small  fraction 
of  a  millimeter,  and  the  process  had  to  be  hastened  by  alternate 
warming  and  chilling  of  the  add  imtil  it  had  sintered  together  to 
a  solid  block.  When  the  pressure  was  very  low,  as  was  shown  by 
a  small  manometer  sealed  on  the  condensation  bulb,  the  stop 
cocks  between  the  platinum  tube  and  the  hydrobromic  add  tube 
were  closed.  The  liquid  air  was  lowered  away  from  the  hydro- 
bromic add  and  the  pressure  was  allowed  to  rise  slightly  so  as  to 
give  a  constant  stream  of  hydrobromic  add  when  the  connection 
to  the  bulb  containing  the  chilled  water  was  opened.*' 

The  hydrobromic  add  passed  over  to  the  water  without  liquefy- 
ing, except  occasionally  at  the  very  end  of  the  transfer.  In  three 
hom^  the  80  g  were  usually  absorbed  completely.  The  platinmn 
tube  had  meanwhile  been  kept  hot.  After  a  few  moments  the 
condensation  bulb  was  again  surrounded  by  liquid  air  and  the 
stopcocks  connecting  with  the  platinum  tube  were  opened. 
The  small  amount  of  hydrobromic  add  remaining  was  now  very 
perfectly  condensed  in  the  empty  bulb.  Any  small  quantity  of 
hydrogen   remaining   in   the   copper   sulphate   connection   was 

*  After  some  hydfobrotnic  add  had  condmafd  in  the  water  it  was  cooled  by  a  freezing  misctttre  »«^*«h 
ofbyiceakoe.  For  this  purpose  ice  and  alcohol  were  used.  This  is  much  more  agreeable  to  wofk  with 
than  either  salt  or  suli^uric  add  and  ice.    One  may  quite  readily  attain  —  i5*C  and  even  lower. 
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allowed  to  enter  the  platinum  tube  and  be  converted  into  hydro- 
bromic  add.  Any  hydrogen  that  might  have  befen  carried  over 
to  the  water  bulb  was  allowed  to  escape  by  opening  the  stopcock 
to  this  part  of  the  apparatus  momentarily  from  time  to  time. 
Any  gas  coming  from  here  had  to  pass  through  the  bulb  cooled  by 
liquid  air,  so  that  water  vapor  (the  liquid  was  now  at  — i5°C) 
could  not  be  carried  to  the  platinum.  The  small  amount  of  hydro- 
bromic  add  condensed  by  this  second  operation  was  then  trans- 
ferred to  the  water. 

After  the  determination  had  been  brought  to  a  satisfactory 
conclusion  the  apparatus  was  pumped  out  by  means  of  the 
Sprengel  pump,  as  far  as  the  hydrobromic  condensation  bulb. 
This  latter  was  examined  after  it  had  been  wdghed.  Small 
traces  of  hydrobromic  add  which  had  not  been  condensed  did 
not  get  into  the  pump,  as  they  were  retained  by  the  copper 
sulphate.  Very  often  no  gases  were  foimd  on  pumping.  If  there 
were  any  they  were  collected  and  analyzed,  the  gas  analysis 
being  carried  on  imder  reduced  pressures.  The  parts  of  the 
apparatus  were  then  allowed  to  come  to  normal  temperature, 
taken  apart,  the  cement  was  carefully  cleaned  from  the  connec- 
tions, the  apparatus  was  rinsed  with  distilled  water,  wiped  and 
set  aside  to  wdgh.  The  actual  determination  required  from 
12  to  16  hours  from  beginning  to  end. 

ERRORS  AND  CORRECTIONS 

Hydrogen. — ^What  has  been  said  in  the  previous  paper"  with 
regard  to  the  purity  of  the  hydrogen  applies  to  this  case.  The 
transfer  of  hydrobromic  add  back  to  the  palladium  tube  has 
been  prevented  by  the  use  of  anhydrous  copper  sulphate.  In 
the  ten  determinations  there  was  one  exception  to  this.  In  the 
tenth  determination  1.78  mg  of  HBr  were  obtained  from  the 
palladium. 

Hydrogen  was  pumped  from  the  apparatus  at  the  end  of  the 
first  and  ninth  determinations.  The  quantities  were  0.05  mg 
and  0.96  mg  respectively. 
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Bromine. — ^As  far  as  can  be  seen,  the  bromine  was  as  pure  as 
could  be  desired  and  the  bromplatinate  was  free  from  volatile 
imptuities.  Other  halogens  were  looked  for  in  every  step  of  the 
process  of  ptuification.  Volatile  constituents  were  shown  to  be 
absent  in  the  bromplatinate  as  in  the  case  with  the  chlorplati- 
nate.^ 

An  occasional  correction  was  necessary  for  bromplatinate  car- 
ried over  mechanically  to  the  condensation  bulb  at  the  very 
beginning  of  the  determination.  This  remained  here  at  the  end 
of  the  experiment  and  was  removed  and  weighed  after  weighing 
the  apparatus.  This  correction  was  appKed  in  determinations 
6, 8,  and  10  and  amoimted  to  155.1 ,  43.6,  and  64.8  mg,  respectively. 

Hydrobromic  Acid. — At  the  temperatures  and  imder  the  condi- 
tions used  there  was  no  evidence  whatever  of  dissociation  of  the 
hydrobromic  add,  and  no  free  bromine  was  carried  over.  The 
weight  of  the  hydrobromic  add  was  corrected  for  the  wdght  of 
the  bromplatinate  transferred  mechanically,  where  this  was 
necessary,  as  is  described  for  the  corrections  on  bromine.  A 
further  correction  was  necessary  for  the  amoimt  of  add  absorbed 
by  the  copper  sulphate.  Some  hydrobromine  add  was  foimd 
here  at  the  end  of  every  determination.  Its  amoimt  was  deter- 
mined by  titration  with  N/ioth  silver  nitrate  solution.  The 
quantities  foimd  were  respectively  59.95,  3.30,  8.40,  14.17,  32.28, 
4-73»  309»  932,  6.48,  and  61.56  mg. 

Agreement  Between  Weights. — ^The  agreement  between  the  sum 
of  the  wdghts  of  hydrogen  and  of  the  bromine  and  the  wdght 
of  the  hydrobromic  add  served  as  a  final  check  on  the  accuracy 
of  manipulation.  In  the  10  determinations  the  maximum  differ- 
ence was  2.5  mg.  The  average  difference  was  0.26  mg.  The  sum 
of  the  differences  for  10  determinations  was  -2.63  mg.  This 
represents  one  part  in  275  000  on  the  hydrobromic  add. 

RESULTS 

The  results  obtained  are  given  in  Table  I.  The  coltunn  marked 
discrepancy  gives  the  differences  between  H  -f  Br  and  HBr.  The 
remainder  of  the  table  is  self-explanatory. 

»Loc.  dt. 
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TABLE  I 


wipw  liiHinf 

OcamiHBr 

Difcrapanqr 
inmf 

H:Br 

H:HBr 

0.77300 

61.28837 

62.06052 

-a  85 

79.2863 

80.2853 

a86060 

68.25033 

69. 11144 

+a54 

79.3055 

80.3061 

a  77607 

61.54733 

62.32198 

-1.42 

7a  3064 

80.3046 

0.96927 

76.88221 

77.85135 

-0.15 

79.3197 

80.3195 

1.07545 

85.29562 

86.37092 

-a  15 

79.3114 

80.3114 

a99689 

79.06834 

80.06424 

-a  99 

79.3150 

80.3140 

a  74966 

59.45275 

60.20500 

+2.59 

79.3063 

80.3097 

a  98101 

77.85554 

78.83758 

+a43 

79.3141 

80.3145 

1.00131 

79.39533 

80.39658 

-0.06 

79.2915 

80.2914 

10 

0.81983 

65.02140 

65.83867 

-2.56 

79.3108 

80.3077 

9.00369 

714.05722 

723.05828 

-2-63 

79.3067 
dba0022 

80.3064 
±0.0018 

« 

Combined 

79.3066 

db.0014 

In  the  10  experiments  9.00369  g  of  hydrogen  were  combined  with 
714.05722  g  of  bromine  and  yielded  723.05828  g  of  hydrobromic 
acid.  The  value  obtained  from  these  two  sums  is  respectively 
79.307  (i)  and  80.306  (9). 

The  final  ratio  obtained  from  these  figures  for  H  :  Br  is  79.306 
(7) ,  with  a  probable  error  of  0.0022.  The  ratio  fotmd  from  H  :  HBr 
is  80.306  (4),  with  a  probable  error  of  0.0018.  Combining  the  two 
the  value  is  79.306  (6)  ±  0.0014.  The  numerical  value  of  the 
probable  error  is  somewhat  larger  than  that  of  the  chlorine  ratio 
obtained  in  a  similar  manner.  Relatively  it  is  approximately  the 
same  or  even  somewhat  smaller. 

In  connection  with  this  determination  of  the  bromine  :  hydrogen 
ratio,  it  may  be  of  interest  to  note  the  relation  of  this  value  to  the 
value  determined  for  chlorine  previously. 

Richards  and  Muller'*  obtained  a  ratio  between  bromine  and 
chlorine  equal  to  0.44369,  while  Baxter''  obtained  0.44367,  for 
the  same  ratio.  Combining  the  average  of  these  two  ratios, 
0.44368  with  the  value  here  obtained  for  bromine  we  get  79.3066  X 
0.44368=35.186(7)  for  the  hydrogen  :  chlorine  ratio.  The  value 
obtained  by  Noyes  and  Weber  was  35,184.     Dixon  and  Edgar 


^  Richards.  Atomgenichte  p.  835  (1909). 
»Loc.  dt. 
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obtained   35,195  *•  and   Edgar   in   the   second    series  obtained 

35193  *• 

Taking  the  atomic  weight  of  hydrogen  *^  as  i  .00779,  the  value 

for  bromine  on  the  oxygen  basis  becomes  79.924,  as  against  the 

value  79.920  given  by  the  International  Commission  for  191 2. 

Washington,  November  i,  191 2. 

*  Phil.  Trans.  aosA.  p.  169  (1909). 

*  Proc.  Roy.'Soc.,  81A.  p.  ti6  (1908)- 

M  Ckrke:  Bfwilmhtion  of  Atomic  Wciflits,  p.  41. 1910. 
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L  BRIEF  mSTORT  OF  INVESTIOATIONS  ON  THE  SILVER 

VOLTAMETER 

The  earliest  employment  of  electrochemical  decomposition  as  a 
means  for  the  measurement  of  electricity  appears  to  have  been  by 
Gay  Lussac  and  Th^nard*  about  1811.  They  arranged  a  gas 
voltameter  that  gave  them  a  qualitative  idea  of  the  conductivity 
of  various  solutions  and  the  strength  of  their  battery.  It  remained, 
however,  for  Faraday'  to  enimciate  the  conditions  on  which  it 
may  be  used  for  the  exact  measurement  of  electric  current.  He, 
too,  used  a  gas  voltameter  which  he  declared  to  be  the  "only  actual 
meastu-er  of  voltaic  electricity  which  we  at  present  possess." 
Because  of  this  he  named  it  the  volta-electrometer.  He  sug- 
gested the  possibility  of  using  a  voltameter  in  which  a  metal 
should  be  deposited  to  measiu-e  the  current,  but  he  does  not 
appear  to  have  done  it  himself.  The  silver  voltameter  appears  to 
have  been  first  used  by  Poggendorflf  *  and  described  by  him  in  a 
footnote.  He  was  attempting  to  find  the  minimum  current  that 
would  cause  a  visible  decomposition  of  water.  His  cell  consisted 
of  two  platinum  plates  in  a  saturated  solution  of  Ag,0  in  HNOg. 
After  several  hours  a  silver  deposit  was  visible,  without  any  of  the 
water  in  his  water  voltameter  having  been  decomposed.  He 
raised  the  interesting  question  as  to  why  the  silver  deposit  is  dis- 
continuous, and  whether  any  of  the  current  passed  through  the 
platiniun  stuiace  on  which  there  was  no  silver  deposited.  An 
illustration  of  this  voltameter  appeared  later.* 

Sixty  or  more  papers  have  been  published  dealing  with  the  silver 
voltameter.  In  a  part  of  these  papers  the  authors  have  been 
primarily  concerned  with  an  investigation  of  the  instrument  as  a 
means  of  measuring  cturent;  in  other  cases  the  investigators  have 
used  the  voltameter  merely  to  measure  cturent,  using  the  electro- 
chemical equivalent  determined  by  other  observers ;  while  a  third 
class  of  papers  is  devoted  to  a  study  of  various  problems  of  electro;- 

^  Rcdicfdies  Physico-QiJinique,  1,  p.  la;  x8ii. 

*  Bxperimcntal  Researches,  1,  p.  ax?;  1834. 

*  Pogg.  Ann.,  70,  p.  z8x;  1847.    (We  are  indebted  to  Prof.  R.  H.  Weber  of  Rostock  for  this  reference.) 
« '^K^edenuum's  Gahranismus.  xst  ed.,  1,  p.  3x4;  x86i. 
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lysis.  Of  this  last  class  one  of  the  earliest  is  by  Almeida.*  He 
used  the  silver  voltameter  to  study  the  decomposition  of  a  simple 
salt  and  the  effect  of  acid.  He  concluded  that  if  both  add  and 
salt  are  present  they  are  both  decomposed,  but  part  of  the  metal 
deposited  is  due  to  a  secondary  reaction  of  the  nascent  hydrogen, 
and  if  add  is  not  present  in  excess  before  the  electrolysis  begins  it 
will  be  formed  to  some  extent  as  soon  as  the  current  starts,  even 
with  a  soluble  anode. 

Kohlrausch  •  advised  the  use  of  silver  in  the  voltameter.  He 
used  a  silver  crucible  as  cathode  with  a  15  per  cent  solution  of 
AgNOj  and  the  silver  anode  wrapped  in  cloth.  A  few  years  later 
Kirmis,^  working  at  the  University  of  Berlin  tmder  Helmholtz, 
employed  the  silver  voltameter  to  measiu-e  electric  current,  and, 
becoming  interested  in  the  various  forms  of  silver  deposit,  made  a 
very  careful  study  of  them.  We  shall  refer  at  length  to  his  paper 
later  on,  in  connection  with  the  striations  of  silver  deposits. 

The  first  absolute  measurement  of  the  dectrochemical  equiva- 
lent of  silver  to  be  published  was  by  Mascart,*  who  concluded  that 
the  silver  and  copper  voltameters  were  more  reliable  than  the  gas 
voltameters.  He  used  two  plates  for  his  electrodes  and  derived 
his  values  from  the  loss  at  the  anode  as  wdl  as  the  gain  at  the 
cathode.  His  value  for  the  dectrochemical  equivalent,  which  was 
later  corrected  ®  to  i .  1 1 56  mg  per  coulomb,  was  obtained  with  the 
aid  of  a  current  balance.  In  1884  Carhart*®  made  use  of  the 
silver  voltameter  to  measiu-e  the  voltage  of  a  Daniell  cell,  a  prin- 
dple  which  constitutes  the  chid  use  of  the  voltameter  to-day,  in 
connection  with  the  cadmium  cell. 

The  first  thoroughly  systematic  study  of  the  silver  voltameter 
was  by  Lord  Rayleigh  and  Mrs.  Sedgwick."  They  used  platinum 
basins  of  considerable  size  for  the  cathodes  and  sheet  silver  anodes 
wrapped  in  filter  paper,  a  form  which  has  been  much  used  since, 
and  named  after  Lord  Rayldgh.  The  possibility  of  errors  arising 
in  this  form  has  been  a  subject  of  livdy  discussion  by  many 
observers  for  the  last  20  years.  Most  investigators  have  attributed 
the  trouble  to  complications  arising  at  the  anode,  which  were  sup- 

*  Ann.  de  Chim.  ct  Phys.  S^es  III,  61,  p.  357;  1857.  *  J.  de  Phys.  Series  II.  S,  p.  383;  1884. 

*  Pogg.  Ann.,  140,  p.  170;  1873.  '*  Am.  J.  Sd.,  28,  p.  374;  2884. 

'  Pogg.  Ann.,  166,  p.  xax;  2876.  ^^  Phil.  Trans.  A,  176,  p.  4x1;  X884. 

*  J.  de  Phys.  Series  H,  I9  p.  xog;  x88a. 
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posed  to  cause  an  excess  of  silver  to  be  deposited  on  the  cathode,  if 
the  latter  is  not  suitably  protected.  A  large  part  of  oiu-  work  has 
been  devoted  to  a  further  investigation  of  this  question,  and  we 
shall  show  that  this  effect  is  due  not  to  the  filter  paper  being  an 
imperfect  separator  of  the  anode  and  cathode  solutions,  but  to  its 
not  being  chemically  inert.  Lord  Rayleigh  and  Mrs.  Sedgwick 
fotmd  an  excess  deposit  when  silver  acetate  was  added  to  the 
solution  and  they  at  first  attributed  this  to  inclusions  of  the 
mother  liquor,  but  later  to  the  acetate  itself. 

They  analyzed  their  deposits  for  inclusions,  but  without  con- 
clusive results.  They,  however,  adopted  the  weighings  after 
"strong  heating"  of  the  deposits  for  their  final  results.  Their 
value  for  the  absolute  electrochemical  equivalent  in  terms  of  their 
cturent  balance  was  1.11794  mg  per  cotdomb.  A  very  important 
fact  in  this  work  is  that  they  obtained  heavier  deposits  by  about  2 
in  10  000  in  large  bowls  than  in  the  smaller  ones.  Schuster  and 
Crossley  (see  p.  155)  attempted  to  explain  this  as  due  to  the  dif- 
ference in  size  of  the  anodes  used  in  the  large  and  small  bowls, 
but,  as  will  be  shown  in  the  third  paper  of  this  series,  it  was  due  to 
the  contamination  of  the  electrolyte  by  the  filter  paper. 

Shortly  after  this  work  another  very  important  paper  by  F.  and 
W.  Kohlrausch"  was  published,  although  the  work  had  been 
b^[tm  before  that  of  Lord  Rayleigh.  It  is  largely  taken  up  with  a 
discussion  of  their  tangent  galvanometers  for  making  an  absolute 
determination  of  the  current. 

They  used  a  platinum  cup  with  silver  anode  protected  by  a 
small  glass  dish  tmdemeath  as  one  form,  a  siphon  voltameter  as 
another,  while  a  third  form  consisted  of  two  parallel  plates  stand- 
ing in  a  beaker,  the  cathode  being  protected  from  loss  of  silver 
particles  by  a  small  semicircular  glass  dish.  The  electrol3rte  was 
made  from  fused  silver  nitrate.  They  give  as  their  final  restdt 
1 .  1 1 83  mg  per  coulomb.    All  of  their  voltameters  were  very  small. 

Two  papers  quickly  followed  in  which  the  voltameter  was  used 
as  a  measurer  of  current  for  the  determination  of  electromagnetic 
rotation  constants,  basing  the  results  on  the  work  of  Lord  Ray- 
leigh and  F.  and  W.  Kohlrausch.    These  were  by  Arons  "  and 

»  Wied.  Ann..  27,  p.  x;  x886.  "  Ann.  d.  Phys..  24,  p.  i6i;  1885. 
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Koepsel."  The  latter  subsequently  published"  an  absolute 
determination  of  the  electrochemical  equivalent,  using  a  Helm- 
holtz  balance  and  obtaining  i .  1 1 740  mg  per  coulomb. 

Thomas  Gray  *•  made  an  extended  study  of  the  silver  and  copper 
voltameters  for  the  purpose  of  standardizing  electrical  measming 
instruments.  He  preferred  vertical  plates  in  a  beaker  to  the  more 
usual  forms  and  like  Mascart  used  the  loss  at  the  anode  to  check 
the  gain  at  the  cathode.  His  conclusions  were  tmlike  those  of  his 
predecessors  or  successors  in  recommending  very  small  current 
densities  and  weak  solutions,  and  that  the  anodes  shotdd  be  larger 
than  the  cathodes  to  avoid  slime.  He  made  a  few  determinations 
of  the  electrochemical  equivalent  using  a  sine  galvanometer 
obtaining  1.1183,  but  he  does  not  consider  this  reliable  owing  to 
errors  in  the  galvanometer. 

Potier  and  Pellat  *^  made  an  absolute  meastu-ement  of  the  elec- 
trochemical equivalent  in  terms  of  an  electrodjmamometer  using 
a  Clark  cell  as  an  intermediary  standard.  Their  attention  was 
chiefly  devoted  to  the  meastu-ement  of  current  rather  than  the 
errors  arising  in  the  voltameter,  which  they  used  only  twice,  and 
hence  little  weight  can  be  attached  to  their  very  high  value  of 
I.I  192  mg  per  coulomb. 

Schuster  and  Crossley  "  attributed  the  excess  weight  of  deposit 
in  the  large  bowls  over  that  in  the  smaller  ones  as  fotmd  by  Lord 
Rayleigh  to  the  difference  in  size  of  the  anodes,  but  it  must  be 
noted  that  in  suspending  the  silver  by  platiniun  wire  they  had  in 
reality  a  combination  silver  and  platinum  anode.  Their  observa- 
tions showed  that  some  of  the  current  left  the  platiniun  wire,  which 
was  likely  to  produce  marked  changes  in  the  acidity  of  the  solution 
and  vitiate  the  results.  Their  deposits  made  in  vacuo  were  one 
part  m  two  or  three  thousand  heavier  than  in  free  air,  which  they 
attributed  to  the  absence  of  oxygen.  They  apparently  used  the 
same  solution  repeatedly  in  the  filter  paper  voltameter  and  thereby 
lessened  to  a  considerable  extent  the  value  of  their  work. 

Glazebrook  and  Skinner  *•  in  a  determination  of  the  emf  of  the 
Clark  cell  used  the  silver  voltameter,  following  the  procedtue  of 


><  Ann.  d.  Phyi.,  26,  p.  476;  1885. 
^  Ann.  d.  Phys..  SI,  p.  950;  1887. 
>«  Phil.  Mag.,  tt.  p.  389;  1886. 


>'  J.  dc  Phyi.,  •,  p.  381;  X890. 

>*  Proc.  Roy.  Soc.,  60.  p.  344;  1893. 

>*  Phil.  Trans.,  18t  A,  p.  567;  1890. 
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Lord  Rayleigh.  Assuming  the  value  1.118,  they  found  1.434  as 
the  value  for  the  cell.  The  differences  among  the  voltameter 
determinations,  eveii  in  the  same  run  were  large,  and  they  attrib- 
ute them  to  the  rate  of  deposition  of  the  metal.  Kahle  *^  working 
on  the  same  problem,  however,  made  some  study  of  the  behavior 
of  the  voltameter,  finding  deposits  heavier  by  5  in  10  000  when  the 
solutions  were  rendered  basic  by  boiling  a  part  of  the  AgNOg  for 
a  long  time  with  Ag^O.  Deposits  made  in  vacuo  were  4  parts  in 
ID  000  heavier  than  those  made  in  air.  In  using  the  voltameter 
tmder  such  conditions  to  measure  current,  he  increased  the  value 
for  the  electrochemical  equivalent  by  these  amotmts. 

Novak,  *^  while  not  the  first  to  ascribe  the  errors  of  the  vol- 
tameter to  effects  at  the  anode,  appears  to  have  been  the  first  to 
suggest  the  formation  of  the  complex  ion  at  the  anode.  The  same 
idea  was  probably  independently  put  forward  by  Rodger  and 
Watson,**  who  found  a  continued  increase  in  the  deposit  residting 
from  successive  use  of  the  same  electrol)rte. 

A  paper  by  Behn"  on  the  striated  arrangement  of  galvanic 
deposits  is  of  especial  interest,  becatise  of  his  many  ingenious 
experiments  to  determine  their  catise.  We  shall  refer  at  length 
to  this  paper  later  on. 

A  study  of  the  effect  of  dissolved  gases  in  the  voltameter  was 
made  by  Myers.*^  He  reports  a  decrease  in  deposit  in  an  atmos- 
phere of  CO3,  a  result  not  since  confirmed.  His  paper  contains 
only  the  results  of  observations  without  any  attempt  at  theoretical 
explanation. 

Two  interesting  determinations  of  the  emf  of  the  Clark  cell 
followed,  the  first  by  Klahle,**  who  found  that  the  increased 
deposits  due  to  the  successive  electrolysis  of  the  same  electroljrte 
were  due  (i)  to  the  supposed  fact  that  more  silver  is  deposited 
upon  a  previous  deposit  of  silver  than  upon  a  clean  platinum  sur- 
face and  (2)  to  some  change  arising  in  the  electrol3rte.  His  results 
for  the  emf  of  the  Clark  cell  at  15**  were: 

1.4327  from  new  electrolyte, 
1. 434 1  from  used  electrol)rte. 

s*  B.  A.  Report  for  1899.  p.  148-  "  Wicd.  Ann.,  61.  p.  105;  1894. 

*i  Proc.  Roy.  Bohem.  Ac.  Sd.  Prague,  1,  p.  387;  1893.  **  Wkd.  Ann.,  M.  p.  a88;  1895* 

tt  Phil.  Trans.,  IM  A.  p.  631;  x895.  *  Zs.  f .  Instrk.,  17,  p.  145;  1897- 
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The  change  occurring  in  the  electrolyte  in  a  filter  paper  vol- 
tameter due  to  repeated  use  we  shall  discuss  later.  The  second 
paper  on  this  same  subject  was  a  carefidly  executed  piece  of  work 
by  Perot  and  Fabry.**  They  followed  closely  the  specifications  of 
the  Chicago  congress  and  found  1.4341  volts  for  the  Clark  cell  at 
15^.  They  had  previously  determined  the  voltage  in  absolute 
units  and  from  the  ratio  obtained  a  value  for  "v"  in  very  close 
agreement  with  the  determination  made  recently  at  the  Bureau 
of  Standards.^ 

Kahle  *•  in  1899  published  the  restdts  of  an  extended  investi- 
gation of  the  silver  voltameter,  using  as  a  reference  standard 
several  Clark  cells.  His  voltameters  were  similar  to  the  platinum 
cup  voltameters  of  Kohlrausch,  but  considerably  larger.  He  tabu- 
lated in  all  1 15  deposits,  noticing  that  many  of  them  were  striated, 
which  he  found  to  be  characteristic  when  the  same  solution  is  used 
several  times.  In  some  cases  he  found  a  liberation  of  acid  which 
he  concluded  accompanied  the  formation  of  oxidation  products  at 
the  anode.  He  foimd  the  electrochemical  equivalent  to  be  i.i  183 
mg  per  cotdomb. 

Patterson  and  Guthe  '•  made  an  absolute  determination  of  the 
electrochemical  equivalent,  using  an  absolute  electrodynamometer. 
They  used  the  filter  paper  form  of  voltameter  and  added  AgjO  to 
insiu-e  the  neutrality  of  the  electrolyte,  which  probably  accounts, 
in  part  at  least,  for  the  high  value,  1.1192  mg  per  coulomb,  which 
they  obtained. 

This  work  was  followed  by  papers  by  Richards,  Collins,  and 
Heimrod,  and  by  Richards  and  Heimrod.*®  These  papers  had  a 
marked  effect  on  much  of  the  work  that  followed.  They  under- 
took to  find  the  cause  of  the  difference  between  the  atomic  weight 
of  copper  as  determined  electrol)rtically  and  chemically.  This  led 
to  an  extended  investigation  of  various  forms  of  the  voltameter, 
from  which  they  derived  corrections  that  brought  the  work  of 
previous  observers  into  closer  agreement.  From  these  corrected 
values  they  derived  the  electrochemical  equivalent  of  silver, 

**  Ann.  de  fac.  Sd.  Mafsaille,  8,  p.  aox;  2898. 

*^  This  Bulletin,  S.  p.  433;  1907. 

**  Ann.  d.  Phys.,  67,  p.  i;  1899. 

»  Phys.  Rev.,  8;  Dec,  1898. 

**  Proc  Am.  AouL  Sd.,  86,  p.  xaj;  1899.    Proc  Am.  Acad.  Sd.,  87,  p.  4xs;  1909. 
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obtaining  i .  1 1 75  mg  per  coulomb.  In  the  first  of  these  papers  the 
authors  definitely  stated  that  the  filter  paper  voltameter  was  in 
error  because  a  complex  ion  was  formed  at  the  anode  and  passed 
through  the  filter  paper  and  deposited  an  excess  of  silver  on  the 
cathode.  To  obviate  this  they  substituted  a  porous  cup  of  porce- 
lain for  the  filter  paper  which  was  supposed  to  serve  as  a  more 
perfect  separator  between  anode  and  cathode.  This  form  of 
voltameter  has  since  been  much  used  under  the  name  of  the 
Richards  or  porous  pot  voltameter. 

We  have  fotmd  it  to  give  excellent  service,  although  our  reason 
for  using  it  has  been  very  different  from  that  given  by  Richards. 
The  principal  reason  given  by  Richards  and  Heimrod  for  believing 
in  the  existence  of  the  heavy  anode  ion  is  that  imder  certain  cir- 
cumstances silver  was  found  to  be  deposited  on  silver  from  an 
anode  solution  without  an  electric  current.  This  observation  was 
not  confirmed  by  Smith,  Mather,  and  Lowry ,  although  still  insisted 
upon  by  Richards**  in  1908.  Neither  have  we  been  able  to  con- 
firm this  observation  of  Richards,  but  we  have  fotmd  that  a  solu- 
tion contaminated  with  filter  paper  will  cause  an  increase  "  in  the 
weight  of  silver  immersed  in  it  regardless  of  whether  this  solution 
had  been  in  contact  with  the  anode  or  not.  We  shall  discuss  the 
question  of  filter  paper  versus  porous  pot  voltameter  fully  in  a 
later  paper.  Richards  determined  the  inclusions  in  his  deposits 
of  silver  by  heating*them  over  an  alcohol  flame  and  fotmd  a  loss  in 
weight  of  0.02  per  cent,  even  in  deposits  from  his  purest  electrolyte. 

Merrill,"  working  at  Johns  Hopkins,  carried  out  a  series  of 
measurements  on  the  effect  of  pressures  (above  atmospheric), 
temperature,  used  solutions,  size  of  anodes,  and  comparison  of  the 
filter  paper  form  with  a  voltameter  without  septiun.  His  results 
were  negative,  except  in  the  case  of  used  solutions  which  gave  a 
heavier  deposit.  This  effect  he  attributed  to  a  reduction  in  valence 
of  the  silver  ion, 

Leduc,**  reporting  to  the  International  Congress  of  Physics, 
reviewed  the  voltameter  situation  and  advocated  the  adoption  of 

1 .  1 1 9  instead  of  i .  1 1 8  f or  the  electrochemical  equivalent.     In  later 

' —     -  -      — 

■  Proc.  Am.  Ac.  Sd.»  44,  p.  91;  1908. 

a  Second  Paper  of  this  Series  by  Rom.  Vinal.  and  McDaniel. 

*  Phys.  Rev.,  10,  p.  167;  1900. 

**  Rapp.  Cong.  Int.  de  Phys.,  %,  p.  440;  1900. 
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papers**  he  continued  his  discussion  of  the  effect  of  impurities 
present  in  the  electrolyte  particularly  with  reference  to  HNOg  and 
AgOH.  His  studies  led  him  to  the  conclusion  that  the  anode  cur- 
rent density  should  be  very  small  in  order  that  only  the  simple 
reaction  Ag  +  NOj^AgNOj  may  occur.  With  higher  current 
densities  the  formation  of  acid  occurs.  The  AgNO,  and  HNOj  are 
then  electrolyzed  together,  the  H  going  to  the  cathode  and  reacting 
to  form  ammonia  salts  and  the  precipitation  of  silver.  He  believed 
that  the  presence  of  AgOH  in  solution  is  not  objectionable  provided 
it  is  in  solution.  In  some  of  oiu-  latest  experiments,  to  be  described 
in  the  subsequent  papers,  we  have  fotmd  this  so,  but  the  AgOH  is 
often  present  in  a  colloidal  condition  and  may  cause  very  serious 
errors.  He  advocated  the  use  of  Ag,0  to  neutralize  the  acid  of 
the  electrolyte.  In  testing  the  acidity  he  notes  the  necessity  of 
precipitating  the  silver  before  making  the  tests  with  methyl 
orange.  This,  we  think,  had  not  been  mentioned  before,  and 
for  this  reason  Leduc's  acid  determinations  shoidd  have  much 
greater  weight  than  others  previously  made.  Leduc  thought  that 
there  is  always  an  equilibrium  value  of  the  acid,  and  on  this  basis 
sought  to  reconcile  the  differences  between  Kahle  and  Patterson 
and  Guthe.  His  experiments  showed  that  the  baser  metals  pro- 
duce relatively  little  effect  if  present.  With  Pellat  *•  he  made  an 
absolute  determination  of  the  electrochemical  equivalent,  using 
Pellat's  electrodynamometer.  The  mean  value  was  about  1.1195. 
These  high  values  must  be  ascribed,  in  part  at  least,  to  the  large 
amount  of  filter  paper  and  muslin  present  for  a  long  time  in  the 
voltameter.  It  may  be  in  part  due  to  an  error  in  the  measurement 
of  current,  which  might  also  accoimt  for  the  high  value  obtained 
by  Potier  and  Pellat  (loc.  cit.) . 

Watson,*^  in  a  paper  dealing  with  the  earth's  magnetic  field, 
gives  much  of  importance  concerning  the  previous  work  on  the 
voltameter.  He  used  both  the  porous  cup  and  filter  paper  form, 
preferring  the  latter.  He  adopted  the  value  i .  1 1 8  mg  per  coulomb, 
and  expressed  his  restdts  in  terms  of  the  cadmium  cell  at  20^  and 
the  filter  paper  voltameter. 

*  J.  de  Phys.,  Seiiei  lY,  1,  p.  561;  xpoa.    Comptcs  Rendtis.  ISi.  pp.  sj.  337.  395;  190a 
MOomptct  Rendiis,  IM,  p.  1649;  Z903< 
**  PhiL  Trans.  Vol.  A,  IM*  p.  431;  1902. 
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Two  other  papers  appeared  dtiring  1902,  the  first  being  a  short 
one  by  Mylius,"  in  which  he  dealt  with  the  chemistry  of  the 
voltameter.  Among  other  things  he  noted  that  the  organic  parts 
of  the  filter  paper  can  act  upon  the  AgNOg  and  produce  a  red  silver 
precipitate,  but  this  warning  seems  to  have  escaped  general  notice. 
The  other  paper  is  by  Farrup,**  who  worked  with  cyanide  solutions. 

Guthe,***  working  at  the  Bureau  of  Standards,  used  (i)  filter 
paper  form,  (2)  the  Ag,0  form,  (3)  the  porous  pot  form,  (4)  the  large 
anode  form,  (5)  Leduc's  form.  He  noted  the  agreement  of  (3)  and 
(4),  which  is  not  surprismg  smce  they  were  practically  the  same 
voltameter.  He  regarded  his  work  as  furnishing  further  evidence 
that  the  complex  ion  was  the  source  of  trouble.  In  his  later  work 
he  sought  other  means  of  eliminating  the  complex  ion,  believing 
the  porous  cup  was  not  sufficient  protection.  In  terms  of  his  work 
on  the  Gray  absolute  electrodynamometer  he  gave  the  electro- 
chemical equivalent  of  sUver  as 

1.11773  mg  per  cotdomb 

as  determined  by  the  porous  cup  type. 

Van  Dijk  and  Kimst "  attributed  the  differences  among  previous 
observers  both  to  the  measurement  of  cturent  and  to  the  handling 
of  the  voltameters.  They  employed  two  tangent  galvanometers 
and  made  determinations  using  two  filter  paper  voltameters. 
They  relied  on  the  reproducibility  of  the  voltameters  and  the  agree- 
ment of  results  of  the  two  galvanometers  to  prove  the  accuracy 
of  their  measurements.  Their  mean  value  is  1.11823  mg  per 
cotdomb. 

Snowden**  investigated  the  possibility  of  getting  a  smooth 
deposit  from  AgNOg.  By  adding  glue  to  the  AgNO,  he  obtained 
some  piuple  colloidal  deposits. 

Van  Dijk  *•  made  a  careful  comparison  of  the  filter  paper  and 
porous  cup  form  and  found  0.023  per  cent  as  the  difference.  A 
siphon  voltameter  gave  a  little  heavier  deposit  than  the  porous  pot 

»  Zs.  f.  Instilc.,  tS,  p.  155;  Z909. 
**  Ze.  f.  BtoctroOicm.,  8,  569;  190*. 

^This  Bulletin,  1,  p.  ax;  1904.    Phys.  Rev.,  19,  p.  138;  1904.    Phys.  Rer.,  18,  p.  445;  1904.    This  Bul- 
letin,  1,  p.  349.  ttxi  t.  p.  33;  X906. 
<i  Aim.  d.  Phys.,  14,  p.  569;  1904* 
'  J.  Phys.  Chem.,  •,  p.  39a;  1905. 
'  Ann.  d.  Phys.,  19,  p.  349;  1906.    Arch.  Necrland.  des  Sd.,  Series  II,  •,  p.  44a. 
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form,  for  which  fact  he  could  not  account,  but  he  concluded  that 
both  gave  lower  values  than  the  filter  paper  form,  because  in  both 
the  anode  solution  was  kept  away  from  the  cathode.  In  discussing 
used  solutions,  he  ascribed  the  excess  of  deposit  as  due  in  part  to 
the  complex  ion  and  in  part  to  the  extracted  dextrine  products 
from  the  filter  paper.  He  carried  out  tests  ^  designed  to  expel  the 
foreign  matter  included  in  the  deposits  by  heating  them  to  redness, 
but  his  results  showed  no  appreciable  change  in  weight.  He  gave 
as  the  value  for  the  electrochemical  equivalent  of  silver  in  abso- 
lute measure  1.1180  mg  per  coulomb. 

Carhart,  Willard  and  Henderson  **  published  a  preliminary  paper 
on  the  use  of  silver  perchlorate  as  an  electrol)rte  for  the  silver 
voltameter,  claiming  as  advantages  in  its  use  an  adherent  deposit 
and  freedom  from  reduction  products.  They  report,  however, 
that  the  deposits  were  generally  striated  and  heavier  than  the 
deposits  from  the  nitrate,  which  is,  of  course,  sufficient  evidence  to 
condemn  its  use. 

Duschak  and  Hulett  *•  published  the  results  of  a  caref m  investi- 
gation of  the  voltameter  in  which  they  attained  a  high  degree  of 
reproducibility,  using  the  porous  pot  form.  In  vacuo  and  in  nitro- 
gen they  got  slightly  smaller  deposits  than  in  free  air.  In  attempt- 
ing to  explain  this  they  analyzed  their  silver  deposits  by  heating  a 
portion  in  a  closed  tube  and  examining  for  gas  and  liquid.  They 
fotmd  the  inclusions  to  be  about  0.0 11  per  cent  in  free  air  and 
slightly  smaller  in  vacuo,  which  partly  explains  the  observed 
difference  in  deposits. 

The  first  of  the  recent  series  of  determinations  by  the  national 
laboratories  was  published  by  Smith,  Mather  and  Lowry  in  1907.*^ 
Their  determination  of  the  electrochemical  equivalent  of  silver, 
1.11827  mg  per  coulomb,  is  in  terms  of  an  absolute  current  balance 
and  using  several  forms  of  voltameter.  This  elaborate  and  com- 
prehensive paper  is  discussed  on  pages  167,  205  and  also  later  in 
these  papers. 

In  1908  the  careful  work  of  Jaeger  and  von  Steinwehr  *®  of  the 
Reichsanstalt  was  published.  They  give  a  detailed  accotmt  of  the 
precautions  taken  in  their  work,  particularly  in  the  matter  of 

**  Afdi.  Neerlond.  des  Sd.,  Series  II,  10,  p.  277.  ^  Col.  Reaeardies  N.  P.  L.,  4.  p.  zas. 

*  Tians.  Am.  £1.  Ch.  Soc.,  9,  p.  375;  1906.  *  Zs.  f.  Instik.,  28,  pp.  327, 353;  X908. 

*  Trans.  Am.  £1.  Ch.  Soc..  12.  p.  357;  1907. 
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weighing  the  deposits.  Using  1.118  mg  as  the  electrochemical 
equivalent  they  determined  the  voltage  of  two  sets  of  cadminm 
cells,  old  and  new,  using  a  porous  cup  voltameter  and  another 
without  septiun.  They  prefer  the  latter  and  give  i  .01834  volts  at 
20**  as  the  value  of  their  new  cells.  The  difference  at  first  appa- 
rent between  the  two  forms  of  voltameter  vanished  when  experi- 
ments were  made  using  them  in  series  and  they  concluded  that  the 
forms  are  in  good  agreement. 

Janet,  Laporte,  and  de  la  Gorce  *•  working  at  the  Laboratoire 
Central  d'  Electricity,  determined  the  voltage  of  the  Weston  cell 
by  an  absolute  current  balance  and  from  the  value  thus  fotmd 
obtained  1. 11 821  as  the  electrochemical  equivalent  of  silver  using 
the  filter  paper  form.  An  error  was  subsequently  discovered  *• 
that  lowered  their  value  for  the  standard  cell  by  about  3  in  10  000 
which  would  considerably  increase  their  value  for  the  electro- 
chemical equivalent.  In  a  subsequent  series  of  experiments" 
using  the  English  values  of  their  resistances  and  standard  cells 
they  obtained  values  very  concordant  with  Smith,  Mather,  and 
Lowry. 

Kohlrausch  and  Weber "  pointed  out  that  if  a  temperatiu-e 
coeflScient  for  the  voltameter  such  as  was  foimd  by  Lord  Rayleigh 
and  others  really  existed  it  woidd  introduce  great  complications  in 
theoretical  chemistry.  They  tested  the  matter  by  examining  for 
a  deposition  of  ions  at  a  stirface  botmding  two  widely  different 
temperatures  in  a  tube  containing  one  of  several  salts  in  water 
thickened  with  arrow  root.  Their  residts  showed  that  there  was 
no  change  in  the  electrochemical  equivalent  as  great  as  i  in  10'  per 
degree. 

Since  Richards  had  used  his  own  work  to  assign  corrections  to 
other  determinations,  and  among  them  that  of  F.  and  W.  Kohl- 
rausch based  on  the  effect  of  anode  liquid,  F.  Kohlrausch  "  imder- 
took  a  recomparison  of  one  of  their  original  voltameters  with  forms 
in  which  the  anode  liquid  was  more  confined.  The  difference 
fotmd  was  only  2  in  100  000  and  he  therefore  concluded  that  their 
earlier  determination  was  correct. 


*  Bui.  Soc  Int.  Blectr..  8.  p.  523;  1908. 
■^Comptes  Rendus  153.  p.  178;  191 1. 
*<  Bui.  Soc  Int.  Blectr.  If.  p.  157;  19x0. 


**  Ann.  d.  Fhysik.,  26,  p.  409;  X90S. 
**  Ann.  d.  I^iys.,  M,  p.  580^  1908. 
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Bose  and  Conrat "  published  a  brief  paper  on  a  silver  micro- 
voltameter,  but  this  instnunent  is  not  suitable  for  the  work  we 
have  in  hand. 

Eisenreich"  published  a  paper  supporting  the  complex  ion 
theory  of  Richards.  It  does  not  appear  from  the  data  that  he 
gives  that  the  purity  of  his  solutions  was  sufficiently  high.  We 
have  observed  many  of  the  phenomena  that  he  gives  as  establish- 
ing the  existence  of  the  complex  ion  and  have  fotmd  that  they  do 
not  occur  when  solutions  of  a  high  degree  of  piu-ity  are  used.  Since 
1909  we  have  used  potassiiun  permanganate  *'  in  testing  AgNO,  for 
reducing  impurities  and  colloidal  silver,  and  our  results  have  been 
communicated  to  the  various  national  laboratories  and  to  the 
American  Physical  Society,  but  have  not  been  hitherto  published 
except  in  abstracts. 

The  work  contained  in  the  present  paper  was  in  a  measiu-e 
preliminary  to  the  work  of  the  International  Technical  Committee 
whose  report  has  just  been  published.  We  shall  not,  therefore, 
attempt  to  review  that  work  here.  There  still  remain  a  few  papers 
bearing  on  the  voltameter  indirectly,  but  it  is  impossible  for  us  to 
deal  with  these. 

Recent  work  in  this  and  other  laboratories  has  shown  that 
impurities  in  the  electrol)rte  produce  such  widely  dijBfering  effects 
depending  on  the  amotmt  and  size  of  the  voltameter  and  the 
acidity  or  alkalinity  of  the  electrol)rte  that  we  do  not  think  it 
advisable  to  tabulate  the  preceding  results  and  apply  hypotheti- 
cal corrections  in  order  to  obtain  a  value  for  the  electrochemical 
equivalent.  These  papers  contain  many  things  of  interest  which 
it  is  impossible  to  discuss  owing  to  lack  of  space.  But  the  abso- 
lute values  foimd  and  the  differences  between  the  various  forms  of 
voltameters  were  so  much  affected  by  impurities  in  the  electrolyte 
used,  that  it  is  impossible  to  apply  corrections  or  to  attach  much 
importance  to  the  numerical  restdts.  We  consider  that  the  work 
of  the  International  Technical  Committee  beginning  in  April, 
1 9 10,  marks  an  epoch  in  the  work  on  the  voltameter,  because 
electrolytes  known  definitely  to  conform  to  a  sufficient  standard 
of  piuity  were  used,  and  the  close  agreement  of  the  porous  pot 
and  no-septum  forms  of  voltameters  was  established. 

**  Zs.  f.  Blectrochemie.  14,  p.  86;  1908.  **  Zs.  Phys.  Chem.,  76,  p.  643, 19x1. 
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n.  INTRODUCTION  AND  OUTLINE  OF  WORK 

The  silver  voltameter  was  chosen  as  the  official  primary  standard 
for  the  measm'ement  of  current  by  the  International  Electrical 
Congress  at  Chicago  in  1893,  the  ohm  being  fixed  by  the  resistance 
of  a  specified  column  of  mercury  and  the  volt  by  the  emf  of  the 
Clark  standard  cell.  At  the  International  Electrical  Conference 
of  1908,  at  London,  two  instead  of  three  primary  standards  were 
chosen,  namely,  the  ohm  and  the  ampere.  These  were  specified 
as  before  in  terms  of  the  resistance  of  a  column  of  mercury  and  the 
current  that  will  deposit  a  given  mass  of  silver  per  second,  respec- 
tively, the  volt  being  defined  in  terms  of  the  ohm  and  ampere  by 
means  of  Ohm's  law.  But  the  ntmierical  value  to  be  assigned  to 
the  Weston  Normal  Cell,  which  was  chosen  at  London  in  place  of 
the  Clark  cell  as  the  instrument  for  expressing  concretely  the  value 
of  the  international  volt,  would  depend  upon  the  specifications 
adopted  for  the  mercury  ohm  and  the  silver  voltameter.  It  was 
therefore  important  that  the  specifications  adopted  for  these  two 
primary  standards  should  be  such  as  to  give  a  very  high  degree  of 
reproducibiUty,  the  more  so  since  the  accuracy  obtained  in  abso- 
lute measurements  has  increased  considerably  in  recent  years,  and 
the  precision  demanded  in  the  standardization  of  instruments  is 
also  much  higher  than  formerly. 

Up  to  the  time  of  the  London  Conference  many  papers  had 
been  published  dealing  with  the  silver  voltameter  (or  coulometer) , 
and  of  these  several  had  given  the  results  obtained  using  both  the 
Rayleigh  and  the  Richards  voltameters."  In  every  case  but  one, 
the  Rayleigh  form,  in  which  filter  paper  is  used,  had  been  found  to 
yield  a  heavier  deposit  of  silver  than  the  Richards  form.  The 
difference  was  not  uniform,  varying  generally  from  4  to  5  parts  in 
ID  000.  The  theory  given  by  Richards  to  explain  this  difference 
was  generally  accepted.  However,  in  an  extended  investigation 
of  various  forms  of  voltameters  published  in  1907,  Smith,  Mather, 
and  Lowry  reported  agreement  between  these  two  forms,  and 
believed  the  filter  paper  voltameter,  as  they  used  it,  to  be  a  reliable 

M  ^e  name ' 'coulometer' '  was  suggested  by  Prol.  T.  W.  Richards,  as  more  appropriate  than  voltam- 
eter, since  the  instrument  measures  coulombs,  and  the  word  voltameter  may  be  confused  with  volt- 
meter. "Coulometer"  has  been  used  by  several  authors,  and  is  preferred  at  the  Bureau  of  Standards. 
However,  in  deference  to  the  decision  of  the  London  conference,  which  considered  the  question  ax|d  decided 
to  adhere  to  the  old  name,  we  use  the  name  voltameter  throughout  these  papers. 
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instrument,  and  the  value  given  by  it  to  be  normal.  It  was  at 
this  point  in  the  history  of  the  voltameter  that  the  work  described 
in  this  paper  was  taken  up  (1908). 

The  investigation  of  the  silver  voltameter  at  this  bureau  was  first 
begim,  however,  in  January,  1904,  by  Dr.  K.  E.  Guthe,  and  the 
results  of  his  work  were  published  in  November  of  the  same  year. 
He  fotmd  as  the  value  of  the  electrochemical  equivalent  of  silver 
using  the  porous  cup  or  Richards  form  of  voltameter  i .  1 1 683  mg 
per  coiilomb  "  and  for  the  filter  paper  or  Rayleigh  form  i .  1 1 736, 
in  terms  of  the  Clark  cell  taken  at  i  .434  volts  and  the  international 
ohm.  The  former  of  these  values  he  subsequently  changed  to 
I.I  1773  on  the  basis  of  his  absolute  measurements  of  the  voltage 
of  Clark  and  Weston  standard  cells  by  means  of  an  electrodyna- 
mometer."  We  have  endeavored  to  connect  our  present  work  with 
these  early  values  of  Dr.  Guthe  and  find  that  assigning  the  same 
ntunerical  values  to  the  standard  cells  that  our  values  are  about  2 
parts  in  10  000  larger  than  his,  a  closer  agreement  than  coiild  be 
expected  when  one  considers  the  many  sources  of  difference 
between  that  work  and  the  present. 

Nothing  further  was  done  with  the  silver  voltameter  at  the 
Bureau  of  Standards  imtil  June,  1907,  when  Dr.  N.  E.  Dorsey  with 
the  assistance  of  the  present  authors  began  what  was  intended  to 
be  a  short  series  of  determinations  to  accompany  the  absolute 
measurements  of  current  with  the  Rayleigh  balance  which  was 
then  imder  construction,  and  to  attempt  to  confirm  the  work 
recently  done  at  the  National  Physical  Laboratory.  Some  addi- 
tional equipment  was  purchased  and  some  refinements  in  the 
weighings  of  the  platintun  dishes  were  made.  The  differences 
between  the  individual  determinations,  however,  were  larger  than 
was  expected  and  larger  than  could  be  justified  on  the  groimd  of 
accidental  errors.  Because  of  this  and  the  fact  that  only  the  filter 
paper  voltameter  was  used,  the  resiilts  obtained  are  of  little  value 
now,  but  it  is  interesting  to  observe  that  with  new  solutions  of 
silver  nitrate  the  mean  value  fotmd  was  1.11746  mg  per  coulomb 
(taking  the  Weston  cell  as  i. 01890  at  25^  C),  which  agrees  closely 
with  the  mean  obtained  in  the  present  work  *•  with  the  same  type 
of  voltameter.    With  used  solutions  a  mean  value  of  1. 11 761  was 

*'  This  Bulletin,  1,  pp.  az  and  349.  *  This  Bulletin,  8,  p.  33.  m  This  paptt,  p.  196. 
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found,  being  14  parts  in  100  000  higher  than  from  the  unused 
solutions.  This  increase  had  been  noted  by  many  investigators 
before,  but  we  believe  that  no  satisfactory  explanation  has  as  yet 
been  offered  for  it.  We  have  confirmed  this  result  and  in  the 
later  papers  of  this  series  a  theory  will  be  offered  to  explain  it 
which  we  believe  will  be  fotmd  adequate.  Dr.  Dorsey's  work, 
which  has  not  been  published,  was  brought  to  a  close  in  Septem- 
ber, 1907. 

In  July  of  the  following  year  more  extensive  preparations  for 
voltameter  work  were  begun  by  the  present  authors.  Two  new 
balances  for  weighing  the  deposit  were  bought  and  installed  in  a 
special  constant  temperature  room  in  order  to  increase  the  pre- 
cision of  weighing.  Selected .  standard  cells  maintained  in  an  oil 
bath  at  tmiform  temperatiure,  together  with  other  additions  of 
apparatus  increased  the  facilities  for  accurate  work.  Some  pre- 
liminary deposits  without  the  measiu«nent  of  cturent  were  made 
as  manipulation  tests. 

On  October  8,  1908,  the  first  series  of  quantitative  experiments 
was  begun.  We  used  at  first  only  the  filter  paper  voltameter,  and 
obtained  a  fair  degree  of  reproducibility,  but  the  difference  between 
it  and  the  porous  cup  form  of  voltameter  which  developed  on  using 
the  latter  for  the  first  time  in  December,  1908,  led  us  into  an  inves- 
tigation of  the  effect  of  filter  paper. 

In  the  extended  investigation  of  the  silver  voltameter  by  Smith, 
Mather,  and  Lowry,*®  published  in  1907,  they  compared  the  filter 
paper  form  with  titie  porous  cup  form  and  found,  contrary  to  the 
experience  of  many  other  observers,  that  the  weight  of  silver 
deposited  in  the  two  forms  agreed  very  closely.  They  had  treated 
the  porous  cups  differently  in  one  important  respect  from  what 
anyone  else  had  done,  namely,  baking  them  in  a  furnace  at  a  high 
temperature  after  washing  with  add.  They  attributed  the  agree- 
ment between  the  two  forms  in  part,  at  least,  to  this  special  treat- 
ment, which  they  believed  freed  the  porous  cups  more  perfectly 
bom  add  than  had  been  done  before.  They  believed  therefore 
that,  as  they  used  them,  both  forms  of  voltameters  gave  normal 
deposits,  which  were  determined  with  great  care,  and  by  means 
of  which,  together  with  an  absolute  ciurent  balance,  the  electro- 

**  Col.  Rcseardies  N.  P.  L..  4,  p.  laj. 
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chemical  equivalent  of  silver  was  ascertained  to  be  1.11827  mg 
per  coulomb. 

We  fotmd,  however,  that  the  filter  paper  form  gave  consistently 
heavier  deposits  than  the  porous  cup  voltameter,  and  that  the 
deposits  were  imperfectly  crystalline  and  distinctly  striated. 
Using  two  or  three  sheets  of  filter  paper  increased  the  difference 
between  the  two  forms  to  two  or  three  times  its  value  when  a 
single  sheet  was  used,  and  wrapping  a  sheet  of  filter  paper  around 
the  porous  cup  gave  the  deposit  the  characteristic  striated  appear- 
ance and  heavier  weight  of  the  ordmary  filter  paper  voltameter. 

It  thus  became  evident  that  the  filter  paper  employed  in  the 
voltameter  was  a  source  of  serious  disturbance,  and  that  the  usual 
explanation  of  the  difference  between  the  two  forms  of  voltameter 
was  incorrect.  Instead  of  the  porous  cup  serving  to  protect  the 
cathode  from  secondary  products  formed  at  the  anode,  and  the 
filter  paper  voltameter  giving  a  heavier  deposit  because  it  was  a 
less  efficient  septtun  than  the  porous  cup,  it  became  evident  that 
the  filter  paper  itself  was  the  soiu*ce  of  important  chemical  action 
in  the  electrolyte,  while  the  porous  cup  on  the  other  hand  was 
neutral  and  did  not  so  contaminate  the  electrolyte.  At  this  point 
in  the  investigation  Dr.  A.  S.  McDaniel  joined  us  to  study  the 
chemical  questions  that  had  arisen,  and  first  of  all  to  learn  what 
the  action  of  filter  paper  is  whereby  so  considerable  a  change  is 
made  in  the  appearance  and  weight  of  the  deposited  silver.  The 
work  done  subsequent  to  this  time  will  be  described  in  three  papers 
following  this,  and  in  these  papers  Dr.  McDaniel  will  appear  as 
joint  author.  A  long  series  of  experiments  was  also  made  to  find 
the  effect  of  other  organic  substances,  such  as  cotton,  linen,  and 
silk  fabrics,  various  kinds  of  paper  and  wood  fiber,  etc.  These 
were  followed  by  chemical  investigations  to  ascertain  the  nature 
and  explanation  of  the  various  phenomena  observed.  This  work 
will  be  fully  discussed  in  the  second  paper  of  this  series.  Our 
explanation  of  the  reason  why  Smith,  Mather,  and  Lowry  fotmd 
the  porous  cup  form  of  voltameter  to  give  as  heavy  a  deposit  of 
silver  as  the  filter  paper  form  is  given  fully  in  the  fourth  paper. 
Briefly  it  is,  that  baking  the  porous  cups  to  free  them  from  add 
renders  them  appreciably  alkaline  and  this  we  have  found  increases 
the  deposit.     By  chance,  this  increase  of  weight  we  suppose  was 
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substantially  the  same  as  the  increase  in  the  Rayleigh  form 
produced  by  the  filter  paper. 

We  also  gave  considerable  attention  to  the  explanation  of  stria- 
tions.  It  has  long  been  known  that  under  certain  circtunstances 
the  silver  deposited  in  a  voltameter  is  strongly  striated.  Some- 
times it  is  dightly  striated  and  sometimes  it  is  altogether  free 
from  striations.  This  subject  had  been  studied  by  several  investi- 
gators, but  no  satisfactory  explanation  had  been  offered.  In  the 
second  paper  an  account  of  studies  of  this  subject  and  an  explana- 
tion which  appears  satisfactory  will  be  given. 

Having  discarded  filter  paper  from  the  voltameter,  we  pro- 
ceeded, in  conjunction  with  Dr.  McDaniel,  to  compare  other  forms 
with  the  porous  cup  form,  especially  the  siphon  and  the  Pc^gen- 
dorff ,  and  to  compare  large  and  small  voltameters  of  the  same 
type.  In  nearly  every  case  large  voltameters  gave  larger  deposits 
than  small  voltameters,  and  this  phenomenon,  which  we  called  the 
volume  effect,  persisted  even  when  the  work  was  most  carefully 
done  with  the  purest  silver  nitrate  available  at  that  time.  We 
noticed,  however,  that  the  voltune  effect  was  less  with  the  purer 
salts,  and  we  believed  that  with  a  solution  strictly  pure  it  would 
entirely  disappear,  as  it  should  theoretically.  Subsequent  work 
has  confirmed  this  belief,  and  we  now  regard  the  absence  of  the 
voltune  effect  as  one  of  the  surest  as  well  as  one  of  the  most  rigorous 
tests  of  the  purity  of  the  electrolyte. 

In  the  early  part  of  our  work  we  had  used  the  purest  silver 
nitrate  which  coiild  be  purchased,  some  from  an  American  manu- 
facturer and  some  from  the  Gold  imd  Silber-Scheide-Anstalt,  of 
Frankfurt,  Germany.  The  latter  salt  gave  a  very  beautiftd 
crystalline  deposit,  and  to  chemical  tests  seemed  to  be  of  a  high 
degree  of  purity  and  especially  free  from  those  impurities  which 
we  had  f otmd  produced  the  most  disttu-bing  effects  when  added  to 
the  electrolyte.  However,  it  gave  a  slight  volume  effect,  and  we 
believed  it  must  contain  some  appreciable  impurity.  This  led  to 
an  investigation  of  more  delicate  chemical  tests  for  organic 
impurities  in  silver  nitrate,  which  resiilted  in  a  new  method  which 
showed  conclusively  a  small  amount  of  reducing  impurity  in  the 
silver  nitrate,  fully  confirming  the  belief,  based  on  the  slight  but 
undoubted  voltune  effect,  that  the  purest  salt  we  had  used  was  not 
quite  pure  enough  for  work  of  the  highest  precision. 


^]  The  Silver  Voltameter  169 

This  led  to  attempts  to  prepare  still  purer  silver  nitrate;  that 
is,  to  get  rid  of  the  last  traces  of  reducing  impurity.  Merely 
recrystallizing  the  salt  repeatedly  is  not  suflScient  in  all  cases, 
unless  certain  special  precautions  are  observed,  but  a  method  has 
been  foimd  (due  in  part  to  a  suggestion  from  Mr.  F.  E.  Smith)  of 
obtaining  silver  nitrate  so  pure  that  it  will  show  no  volume  effect 
and  withstand  the  severe  chemical  test  referred  to  above.  _  This 
work  is  discussed  in  the  third  paper. 

The  work  outlined  above  was  carried  out  between  October, 
1908,  and  April  i,  1910.  In  the  meantime  an  international  in- 
vestigation had  been  arranged  to  be  carried  out  at  the  Bureau 
of  Standards  by  representatives  of  four  of  the  national  standard- 
izing laboratories,  and  we  presented  to  the  del^ates  selected,  first 
in  October,  1909,  and  agam  in  April,  1910,  on  their  assembUng  in 
Washington,  a  report  of  our  work,  and  the  concltisions  we  had 
reached  on  the  subjects  briefly  indicated  above.  Work  was  car- 
ried on  jointly  during  April  and  May  of  1910  by  the  delegates,  and 
the  resiilts  obtained  have  been  published  in  a  separate  report. 
We  give  in  these  papers  mainly  the  restdts  of  our  work  up  to  the 
time  the  international  delegates  assembled  in  Washington,  namely, 
April  I,  1 9 10.  We  shall  include  results  obtained  since  Jime  i, 
1910,  in  the  fourth  paper  of  this  series.  On  accotmt  of  the  salt 
employed  in  most  of  these  earlier  experiments  not  being  quite 
pure  we  do  not  regard  the  numerical  values  obtained  as  final 
figiu-es.  They  are,  indeed,  very  nearly  the  same  as  we  have  found 
since,  and  as  the  international  committee  foimd,  with  very  pure 
salt.  But  as  this  is  an  investigation  of  the  silver  voltameter  as  an 
instrument,  and  of  the  conditions  necessary  in  order  to  secure 
normal  resiilts,  we  attach  great  weight  to  the  numerical  values 
given  in  the  tables.  The  disturbances  due  to  filter  paper  amotmt 
to  from  ten  to  a  himdred  parts  in  a  himdred  thousand.  Avoiding 
filter  paper  and  other  organic  septa  and  using  an  electrolyte  so 
pure  that  there  is  no  volume  effect,  the  results  are  far  more  con- 
sistent, and  the  variations  are  reduced  tenfold.  There  are  still, 
however,  some  small  imcertainties,  due  to  slight  impurities  in  the 
water  employed,  or  to  very  slight  acidity  or  alkalinity  of  the  solu- 
tion, or  to  gases  absorbed  by  the  electrolyte  from  the  atmosphere, 
which  we  have  investigated  and  upon  which  a  report  will  be  made 
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in  our  final  paper.  This  work  will,  we  hope,  indicate  what  the 
complete  specifications  for  the  oflSdal  silver  voltameter  ought  to  be. 
April,  1 9 10,  will  mark  an  important  epoch  in  the  history  of  the 
silver  voltameter,  namely,  the  close  of  the  period  of  individual 
effort,  extending  from  1880  to  19 10,  in  which  many  papers  have 
been  published  and  much  learned  concerning  the  theory  and  use  of 
the  silver  voltameter.  Beginning  with  19 10  we  enter  the  period  in 
which  the  national  standardizing  laboratories  attempt  by  coop- 
eration to  perfect  the  silver  voltameter  as  an  electrical  instrument 
of  precision,  and  to  agree  upon  specifications  so  complete  and  so 
precise  that  it  may  become  in  fact,  as  it  is  nominally,  an  inter- 
national electrical  standard. 

m.  QUANTITATIVE  EXPERIMENTS,  FIRST  SERIES 

A.  APPARATUS 

1.  PLATnrUM  DISHBS 

We  have  used  10  platintun  dishes  and  2  gold  dishes  for 
cathodes  or  counterpoises.  Four  of  these  have  a  capacity  of  350  cc 
and  we  have  designated  them  as  the  **  large  bowls,"  4  have  a 
capacity  of  175  cc  and  we  call  them  the  **meditun  bowls;"  the 
4  smallest,  capacity  125  cc,  are  called  the  ** small  bowls"  or 
crucibles.  All  of  the  dishes  of  any  one  size  were  adjusted  to  the 
same  weight,  so  that  they  could  be  interchanged  on  the  balance 
without  requiring  any  transfer  of  weights.  In  the  course  of  a 
long  series  of  experiments,  however,  the  meditun-sized  bowls  lost 
several  milUgrams  in  weight  which  has  been  made  up  by  certain 
small  weights  prepared  for  the  piUTM>se.  The  losses  in  weight  of 
the  other  bowls  have  been  much  less.  The  time  necessary  to 
adjust  the  weight  of  the  bowls  was  amply  repaid  by  the  convenience 
and  speed  with  which  accurate  weighings  could  be  made. 

Two  bowls,  one  large  and  one  medium,  were  reserved  in  the 
balances  for  coimterpoises,  and  deposits  were  never  made  in  them. 
The  small  bowls  were  counterpoised  by  a  sheet  of  platintun. 

Table  I  shows  the  size  and  weight  of  the  1 2  dishes  together  with 
4  others  purchased  since  the  experiments  recorded  in  the  present 
paper  were  completed. 
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TABtE  I 
Weights  and  Dimensions  of  the  Platinum  Dishes  Used  in  the  Experiments 


No. 


95 
94 
93 

92 

25 

26 

127 

128 

27 

28 

125 

126 

36 

37 

38 

39 


Pinlflniifciii 


Large  bowl 

do 

do 

do 

Medium  bowl. 

do 

do 

do 

Cnidble 

do 

do 

do 

SmaUbowl... 

do 

do 

do 


Apptfubuatt  etoe 

Depth 

DlimeCer 

CiVMily 

cm 

cm 

cc 

10 

350 

10 

350 

10 

350 

10 

350 

9 

175 

9 

175 

8 

175     • 

8 

175 

6 

125 

6 

125 

6 

125 

6 

125 

6i4 

140 

6i4 

140 

6.4 

140 

6.4 

140 

BCalerlal 


Platlnam 
....do... 
....do... 
....do... 
....do... 
....do... 
...do... 
....do... 
....do... 
....do... 

Gold 

....do... 
Plodnum 
...do... 
...do... 
....do... 


Apprail- 

mate 

weiglit 


f 
8a  27 

8a  27 

8a  27 

8a  27 

55.09 

55.09 

55.09 

55.09 

39.11 

39.11 

39.11 

39.11 

38.30 

38.30 

38.50 

38.50 


No.  94  and  No.  25  were  reserved  for  tare. 


2.  WEIGHTS 


For  weighing  the  deposits  three  weights  designated  as  §,  S,  and 
2  were  used.  The  first  two  were  of  silver,  gold  plated,  and  were 
made  to  weigh  about  4.098  grams,  which  is  the  approximate  weight 
of  silver  deposited  in  one  hour  by  a  current  numerically  equal  to 
the  voltage  of  the  Weston  normal  cell  at  25^.0;  that  is  a  current, 
which,  flowing  through  a  i-ohm  standard,  produces  a  difference 
of  potential  at  the  terminals  equal  to  the  electromotive  force  of  the 
Weston  cell.  As  the  resistance  of  the  i-ohm  standard  varied 
slightly  with  the  temperature  at  different  times  of  the  year  and 
the  Weston  cells  were  kept  at  a  slightly  higher  temperature  in 
summer  than  in  winter,  the  deposit  was  made  as  nearly  as  possible 
equal  to  the  fixed  weights  by  changes  of  a  second  or  two  in  the 
length  of  the  experiment.  Later  the  current  was  reduced  by  one- 
half  and  the  time  of  deposit  made  two  hours,  a  2-ohm  standard 
being  used.  2  was  a  collection  of  weights  consisting  of  a  4-gram 
platinum  piece,  together  with  several*  weights  from  a  fractional 
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gram  set  known  as  *V"»  the  whole  weighing  about  4.095  grams. 
This  was  used  exclusively  for  weighing  deposits  in  the  meditun- 
size  cups,  as  the  3  mg  difference  between  this  and  6  and  S  was 
made  up  by  the  small  weights  added  to  the  dishes,  as  mentioned 
above  when  they  were  weighed  empty.  A  buoyancy  correction 
was  always  made  when  using  this  weight. 

These  three  weights  have  been  compared  with  the  standards  of 
the  bureau  and  found  to  have  the  following  values: 

TABLE  n 
Calibration  of  the  Special  Weights 


Date 


Oct,  1908. 
Ja]inl909. 
Apr.,  1910 
ll«v.,  19n. 


mc 


4098.26 
4098.26 
409&27 


mg 


4098.35 
409&36 
409&37 


mg 
409121 


409S.23 
409123 


3.  THB  VOLTAMBTBRS 

(a)  Rayleigh  Voltameter. — ^This  form  of  voltameter  con- 
sists of  an  anode  of  silver  in  a  solution  of  silver  nitrate  contained  in 
a  platinum  dish  serving  as  cathode,  any  particle  becoming  detached 
from  the  anode  being  prevented  from  reaching  the  cathode  by  a 
sheet  of  filter  paper.  In  some  few  cases  we  have  used  various 
textiles  as  linen,  cotton,  or  silk  in  place  of  filter  paper,  and  for 
convenience  have  classed  them  all  imder  this  head.  Figure  i 
shows  this  form  of  voltameter  as  we  have  used  it. 

We  have  used  different  kinds  of  filter  paper,  such  as  Eimer  & 
Amend's  **best  white,"  C.  Schleicher  &  SchuU's  No.  595,  No.  602, 
No.  598,  No.  590,  and  some  papers  especially  prepared  from  given 
materials.  In  a  few  experiments  we  have  also  used  filter  tubes, 
such  as  are  employed  in  the  Soxhlet  extraction  apparatus. 

Large  bell  jars  cover  the  voltameters  and  stands  during  the 
progress  of  the  experiment. 

(6)  Richards  Type.— The  Richards  voltameter  differs  from 
the  Rayleigh  in  employing  a  porous  cup  of  tmglazed  porcelain  as 
the  means  of  separating  tJie  anode  and  cathode.    We  have  used 


Fig,  1. — The  Rayleigh  j'oltameter 


Fig.  2. — n«  porous  cups  used  in  Ihe  Richards  voltameter 


Fig.  3. — n»  Hkhai-ds  vollameur,  large  si 


Fig.  4. — The  Rkhards  voltameter,  small  si 


Fig.  I.— The  Poggendotf  voltameter 
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chiefly  Pukal  cups  made  by  the  Koniglich  Porzellan  Manufaktur 
of  Berlin.  These  are  cylindrical,  have  thin  walls,  are  of  very  fine 
grain,  and  of  three  sizes. 

TABLE  III 

Dimensions  of  Porous  Cups 

size 


Large... 
ICedhun 
SmtU... 


The  largest  cups  were  used  exclusively  in  the  largest  platinum 
bowls,  but  the  smaller  cups  have  been  used  in  all  the  platinum 
dishes.    They  were  white  and  without  blemish  before  use. 

The  anode  and  cathode  were  moimted  as  in  the  Rayleigh  form, 
but  the  porous  cup  was  held  in  a  split  vulcanite  ring  made  to  fit 
closely  around  its  top  edge  and  supported  from  the  same  vertical  rod 
as  the  anode.    A  large  bell  jar  covers  the  voltameter  when  in  use. 

(c)  Po^endorff  Type. — ^The  voltameter  which  we  have  desig- 
nated as  the  Poggendorflf  type  consists  of  silver  anode  and  plati- 
nmn  bowl  cathode,  with  electrolyte  as  above,  but  the  only  sepa- 
ration between  the  anode  and  cathode  is  a  glass  dish  placed  imder 
the  anode  to  catch  any  particles  falling  from  it.  We  have  in  some 
few  instances  covered  the  top  of  the  anode  with  a  layer  of  silk,  as 
we  found  that  the  glass  dish  was  not  always  sufficient  to  confine 
the  anode  slime  which  is  sometimes  carried  to  the  top  of  the 
electrolyte  by  bubbles  of  gas.  Another  way  less  open  to  objec- 
tion of  avoiding  this  difficulty  was  to  support  a  ring  of  glass  in  the 
surface  of  the  liquid.  This  prevented  particles  which  came  to  the 
surface  from  floating  out  over  the  cathode  space. 

The  moimting  of  the  bowl  and  anode  was  the  same  as  for  the 
Rayleigh  and  Richards  types,  but  the  glass  dish  was  supported  by 
vertical  rods  of  glass  that  hooked  over  ebonite  arms  projecting  from 
the  same  support  as  the  anode,  so  that  at  the  end  of  the  nm  all 
might  be  lifted  out  together.  The  ring  of  glass  is  sealed  to  the 
vertical  glass  rods  at  such  a  height  as  to  be  in  the  surface  of  the 
liquid  when  the  voltameter  is  filled  with  electrolyte. 
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(d)  Siphon  Type. — ^The  platinum  dish  serving  as  cathode  and 
a  ring  of  silver  as  anode  are  connected  electrically  by  a  column  of 
electrol3rte  contained  in  a  large  glass  siphon.  The  two  sizes  of 
siphons  that  we  have  used  have  been  as  follows: 


Sin 


Luge 

8nuai 


18 
10 


3.7 
2.2 


166 

44 


These  siphons  were  fitted  with  stopcocks  to  facilitate  filling  and 
emptying. 

The  siphon  voltameter  presents  a  serious  difficulty  in  making 
absolute  determinations  by  reason  of  the  high  resistance  and  con- 
sequent heating  of  the  column  of  liquid,  even  in  the  larger  siphons. 
This  makes  it  very  difficult  to  maintain  the  current  at  a  fixed  value. 
It  may  of  course  be  used  in  comparison  with  other  forms  without 
keeping  the  current  constant,  but  even  then  a  very  pure  electrolyte 
must  be  used,  since  the  large  volume  of  liquid  tends  to  give  very 
high  values  if  slight  impurities  are  present.  This  will  be  dis- 
cussed more  fully  in  the  third  paper  under  the  head  of  "volume 
effect.  *' 

In  using  the  siphon  voltameter  we  have  mounted  the  platinum 
cup  in  one  of  the  usual  holders,  while  the  anode  (clamped  in  the 
usual  way,  but  turned  to  one  side)  is  placed  in  a  glass  dish  motmted 
on  a  block  of  wood  beside  the  cathode.  The  siphon  is  held  in  a 
wooden  clamp  stand.  After  all  the  parts  were  in  place  the  plati- 
num cup  and  glass  dish  were  filled  with  electrolyte  which  was  then 
drawn  up  into  the  siphon  by  means  of  the  stopcock.  For  the 
large  dishes  and  siphons  about  500  to  600  cc  of  electrolyte  were 
required. 

As  modifications  of  this  form  we  have  tried  putting  a  porous 
cup  over  the  anode  or  cathode  ends  of  the  siphon. 

4.  wEiomNG  ROOM  aud  balances 

The  weighings  were  made  in  a  balance  room  built  in  the  base- 
ment especially  for  the  purpose.  One-half  of  this  room  which  has 
massive  concrete  walls  was  lined  with  hollow  tile,  an  additional  air 
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space  being  left  between  the  tile  and  the  concrete  wall,  and  the  tile 
plastered  inside.  A  tile  partition  separates  the  balance  room 
proper  from  the  other  end  of  the  basement  room,  in  the  partition 
being  double  doors  with  vestibule  between  and  two  double 
windows. 

Weighings  were  made  from  outside  the  balance  room  by  observ- 
ing the  swings  of  the  balances  by  means  of  telescopes  extending 
through  the  windows.  A  plane  minor  on  the  beam  of  the  balance 
served  to  reflect  a  centimeter  scale. 


tig.7.—Ptanoftiuait^iMfrooiti 

The  temperature  and  humidity  of  the  atmosphere  inside  the 
balance  room  were  very  constant,  changing  by  only  a  few  tenths 
of  a  degree  and  i  or  possibly  2  per  cent,  respectively,  during  24 
hotu^.  They  were  recorded  on  a  thermograph  and  hydrograph, 
of  which  sample  records  are  shown. 

If  at  any  time  the  humidity  became  too  high  a  drying  apparatus 
holding  about  50  pounds  of  calcium  chloride  was  used  to  reduce 
it,  but  this  was  seldom  required. 
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The  balances  were  mounted  on  two  marble-top  piers  independent 
of  the  foundations  of  the  building.  Three  balances  were  used, 
each  of  200  grams  capacity.  The  first  was  by  Oertling,  the  second 
by  Rueprecht,  and  the  third  by  Stflckrath.  Of  these  the  Oertling 
has  pans  large  enough  to  accommodate  the  largest  platinum  dishes 
used  in  the  experiments  and  it  was  employed  exclusively  for 
weighing  the  four  large  bowls.  All  glass  windows  and  doors  on 
this  balance  are  double  to  better  protect  the  beam  and  platinum 
cups.     The  sensibility  weight  used  on  this  balance  was  a  i-milU- 


Fig.  8. — Thermograph  record  of  uitighing  room,  August  23  to  30,  1909 


Fig.  9. — Hydrograph  record  of  UHighing  room,  August  23  to  30,  1909 

gram  rider  always  placed  at  division  four  and  this  four-tenths  of  a 
milligram  produced  a  change  in  the  equilibrium  reading  of  2.5 
centimeters  as  read  by  telescope  and  scale. 

The  Rueprecht  balance  was  best  adapted  to  weigh  the  medium- 
sized  bowls  and  was  lased  for  these  alone.  As  the  glass  windows 
were  single,  the  balance  was  further  protected  from  radiations  by 
heavy  paper  shields.  A  rider  similar  to  that  used  on  the  Oertling 
was  provided  for  this  balance  and  its  sensibiUty  was  about  the 
same. 
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The  Sttickrath  balance  was  used  only  for  the  crucibles,  as  its 
pans  were  small.  It  is  arranged  to  be  released  and  transpositions 
and  changes  of  weights  to  be  made  from  outside  the  room  by  means 
of  rods  and  levers.  All  the  glass  windows  and  doors  of  the  balance 
are  double.  The  sensibility  of  the  balance  is  about  16  scale 
divisions  of  2  millimeters  each  for  i  milligram.  Often  all  three 
balances  were  in  use  at  the  same  time,  one  observer  reading  them 
and  changing  the  loads  in  rotation.  We  described  the  method  of 
making  the  weighings  in  the  Report  of  the  International  Technical 
Committee,  page  138. 


09MP.  RtSW. 


Fig.  10. — Diagram  of  circuit  for  timing  the  duration  of  the  experiments 

5.  rmajsG  the  deposits 

A  quick,  double-pole,  double-throw  switch  serves  to  start  the 
current  through  the  voltameters  and  simultaneously  to  close 
another  circuit  which  operates  one  of  two  pens  on  a  chronograph. 
The  two  circuits  were  insulated  from  each  other  by  the  hard  rubber 
yoke  that  tmited  the  blades  of  the  switch.  By  reference  to  the 
diagram  (Fig.  10)  the  operation  of  starting  and  stopping  will  be 
tmderstood. 
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Before  the  beginning  of  the  experiment  the  main  switch  St  is 
closed  on  the  points  B  and  D  while  the  switch  S,  is  on  E.  At  the 
proper  time  the  main  switch  is  quickly  thrown  over  to  A  and  C, 
This  starts  the  current  through  the  voltameters  and  at  the  same 
time  operates  pen  i  of  the  chronograph.  In  order  that  the  action 
of  the  chronograph  pen  may  be  the  same  at  the  start  and  at  the 
end  of  the  run  the  switch  S,  is  then  thrown  from  E  to  F.  At  the 
end  of  the  experiment  the  main  switch  is  thrown  back  to  B  and  D. 
At  the  instant  that  the  voltameter  circuit  is  broken  at  A  the  pen 
circuit  is  made  at  D,  and  hence  the  first  pen  is  again  energized 
exactly  as  before.  Thus  any  possible  inequality  in  the  working  of 
the  magnet  on  make  and  break  circuit  is  avoided.  The  second  pen 
records  the  ticks  of  the  standard  Riefler  clock  located  in  a  constant 


J 
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Fig.  11 . — Diagram  of  circuit  for  estimating  A§  error  of  the  timing  dtvice  by  ballistic  method 

temperature  room  in  the  basement.  The  rate  of  this  clock  as 
determined  by  frequent  signals  from  the  Naval  Observatory  was 
rarely  over  a  tenth  second  per  day,  and  was  usually  less.  Hence 
no  corrections  to  the  time  record  are  necessary.  The  chronograph 
used  was  made  by  the  Soci^t^  G^fevoise. 

Since  we  regarded  the  insulation  of  the  timing  device  from  the 
main  voltameter  circuit  as  necessary  to  avoid  possible  stray  cur- 
rents, the  accuracy  with  which  the  duration  of  an  experiment  is 
recorded  depends  on  the  mechanical  perfection  of  the  main 
switch  S,.  The  possible  errors  introduced  by  the  switch  can  be 
tested  experimentally  by  the  following  method  shown  diagram- 
matically  (Fig.  ii). 

The  making  of  the  current  at  D  gives  the  time  record  for  the 
breaking  of  the  voltameter  circuit  at  A,  hence  we  must  determine 
the  interval  between  the  breaking  of  the  circuit  at  A  and  the 
making  at  D.     A  very  small  part  of  the  divided  voltage  of  a  dry 
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cell  was  applied  to  a  ballistic  galvanometer  with  megohm  box  in 
series,  the  circuit  being  completed  through  A.  This  of  course 
produced  a  steady  deflection  of  the  ballistic  galvanometer  which 
was  also  the  case  when  the  switch  was  closed  on  D.  By  operating 
the  switch  as  is  ordinarily  done  at  the  beginning  and  end  of  an 
experiment  any  throw  of  the  ballistic  galvanometer  would  measure 
the  quantity  of  electricity  that  would  have  passed  through  the 
galvanometer  if  the  current  had  not  been  interrupted.  No  throw 
of  the  galvanometer  was  observed  except  when  the  switch  was 
operated  more  slowly  than  was  done  in  practice  in  the  voltameter 
circuit.  The  sensibility  of  the  arrangement  was  such  as  to  reveal 
an  interval  of  time  of  0.004  of  a  second.  This  shows  that  the  error 
in  time  due  to  the  switch  could  not  be  greater  than  this,  which  is 
less  than  a  millionth  part  of  the  usual  time  of  a  deposit,  namely, 
two  hours.  For  determining  the  interval  between  the  closing  of 
A  and  C  the  same  method  with  some  necessary  modifications  was 
used.     Here  also  the  time  interval  was  inappreciable. 

6.  THB  VOLTAMBTBR  CIRCUIT 

The  voltameter  circuit  consisted  of  a  large  ballast  resistance, 
the  voltameters  with  a  parallel  circuit  of  equal  resistance  for  use 
before  the  run,  two  separate  means  of  measuring  the  current, 
either  of  which  could  be  used  singly  or  both  together,  and  suitable 
rheostats  for  quickly  making  large  changes  in  iJie  ciurent  or  small 
changes,  as  occasion  might  require.  Some  modifications  were 
made  in  the  arrangement  of  the  circuit  during  the  progress  of  the 
work,  but  in  the  most  essential  feattu-es  it  remained  the  same 
throughout.  Figure  1 2  shows  the  diagram  of  the  circuit  as  it  was 
used  during  the  latter  part  of  the  work  when  ciurents  of  one-half 
ampere  were  used. 

The  standard  resistance  has  usually  been  a  Wolflf  open  coil 
No.  2626  of  I  ohm  for  a  ciurent  of  i  ampere  or  No.  2342  of  2  ohms 
for  a  current  of  one-half  ampere.  These  were  immersed  in  an  oil 
bath,  kept  stirred  by  a  small  motor.  They  were  frequently  com- 
pared with  the  reference  standards  of  this  Bureau.  The  tempera- 
ture of  the  oil  bath  was  read  several  times  dtuing  an  experiment 
and  from  the  computed  average  temperature  the  value  of  the 
resistance  was  obtained  from  the  known  coefficient  of  the  coils. 

The  standard  cells,  four  in  niunber,  were  kept  in  an  oil  bath  at 
the  uniform  temperature  of  25^  in  winter  and  28^  in  summer  by  a 
69662^—13 — ^3 
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thermostat  r^;ulating  to  o^.oi  C.  They  were  frequently  com- 
pared with  the  reference  cells  of  this  Bureau  and  showed  a  varia- 
tion of  only  about  2  microvolts. 

One  pair  of  potential  leads  from  the  standard  resistance  passed 
to  a  Wolflf  potentiometer  as  described  on  page  1 28  of  the  Report  of 
the  International  Technical  Committee.  The  second  means  of 
measuring  the  current  provided  a  higher  sensibility  (20  mm.  for  i 
part  in  100  000)  and  avoided  any  errors  introduced  by  the  poten- 
tiometer such  as  may  arise  from  the  adjustment  of  the  coils, 
thermoelectric  forces,  changes  in  battery  current,  etc.  The  stand- 
ard cell  was  joined  in  series  with  a  sensitive  Siemens  and  Halske 
galvanometer,  so  that  by  depressing  a  key  the  voltage  of  the  cell 
could  be  directly  opposed  to  the  drop  in  potential  across  the 
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Fig.  ll.-— Diagram  cfthe  votUmuUr  circuit 


standard  resistance.  The  telescopes  of  both  galvanometers  were 
near  the  apparatus  for  regulating  the  current,  so  that  it  could  be 
held  at  the  proper  value  by  an  observer  at  either  telescope.  On 
some  occasions  both  were  used  together,  the  observer  at  the 
potentiometer  holding  the  current  and  a  second  observer  reading 
and  recording  the  deflections  of  the  direct  balance.  The  mean 
deviation  of  the  current  from  a  constant  value  is  only  a  few  parts 
in  a  million,  and  the  algebraic  average  of  the  deviations  is  not  over 
one  part  in  a  million.  Hence  no  correction  is  necessary  to  the  value 
of  the  current  computed  from  the  mean  value  of  the  resistance 
standard  and  of  the  Weston  Cell  during  the  period  of  the  experi- 
ment. The  direct  balance  method  is  the  more  reliable,  but  no 
significant  difference  was  ever  fotmd  between  them. 
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Insulation  tests  were  made  of  all  parts  of  the  circuit  at  frequent 
intervals.  The  wiring  was  done  especially  with  reference  to  high 
insulation.  All  wires  passing  from  table  to  table  or  from  one  room 
to  another  were  air  insulated  and  supported  only  by  vidcanite 
blocks  fastened  to  wooden  masts.  All  apparatus  belonging  to  the 
circuit  was  moimted  on  vulcanite  blocks.  Fiuther  details  as  to 
the  operation  of  the  circuit  are  given  in  the  Report  of  the  Inter- 
national Technical  Committee,  page  1 26, 

B.  METHODS 
1.  icBTHOD  OF  wnoHmo 

After  drying  the  cups  were  allowed  to  come  to  equilibrium  with 
the  temperature  and  htunidity  of  the  balance  case  and  room  during 
several  hours,  because  we  believed  that  in  the  case  of  hiunidity  it 
was  better  to  weigh  the  cups  in  an  tmdesiccated  balance  kept  in  a 
room  of  nearly  constant  humidity  than  to  try  to  obtain  weighings 
when  the  humidity  in  the  balance  case  was  changing  every  time  it 
was  opened,  and  the  cup  acquiring  moisttu-e  dtuing  the  process  of 
weighing.  Since,  in  every  case,  except  for  the  smallest  cups,  the 
cotmterpoises  were  platintun  dishes  identical  with  those  in  use,  and 
which  always  remained  in  the  balance  case,  we  believe  the  moisture 
deposited  on  counterpoise  and  cup  to  be  the  same  when  sufficient  time 
for  equilibritun  to  be  established  is  allowed,  and  hence  the  humidity 
effect  is  eliminated.  For  the  crucibles  the  counterpoise  was  sheet 
platintun,  and  hence  this  also  approximated  the  best  conditions. 

The  large  surface  of  the  cup  makes  it  more  difficult  to  weigh  than 
the  same  mass  of  platintun  in  the  form  of  a  solid  weight.  Con- 
vection currents  of  air  sufficient  to  introduce  large  errors  in  the 
restilt  are  set  up  by  very  slight  differences  in  temperature.  These 
may  be  caused  either  by  the  presence  of  the  observer's  body  in 
making  the  necessary  changes  in  the  loads  on  the  pans,  or  by  light 
radiations  falling  on  the  sttrface  of  the  cup.  For  this  reason  it  was 
necessary  to  make  the  weighings  in  the  constant  temperature  room 
which  we  have  described.  Even  here  it  was  necessary  to  allow  the 
balance  to  swing  from  10  to  20  minutes  before  reliable  readings  could 
be  taken,  as  a  drift  of  the  eqtiiUbrium  position  was  always  appar- 
ent immediately  after  making  changes  in  the  loads  on  the  pans. 

The  method  of  weighing  adopted  always  involved  an  inter- 
comparison  of  the  weights  of  the  several  dishes,  as  well  as  a  determi- 
nation of  their  weights  in  terms  of  the  cotmterpoise.    The  differ- 
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ences  thus  arising  from  experimental  error  were  adjusted  by  least 
squares.  If  we  designate  three  dishes,  one  of  which  (No.  94)  is 
reserved  for  a  counterpoise,  by  their  numbers,  No.  93,  No.  95,  and 
No.  94,  we  obtain  the  following  equations: 

No.  93 — No.  94  —  aj 

No.  95 — No.  94 "a. 

No.  93— No.  95 -a. 
If  Wj  and  w,  represent  the  adjusted  weight  of  No.  93  and  No.  95 
in  terms  of  No.  94,  we  obtain  the  following  equations  for  least 
square  adjustment: 

Wi  =  -  (2ai+a,+a,) 

w,-^  (ai  +  2a,-aj 

Similarly  for  four  dishes.*^ 

The  methods  of  making  the  observations  are  tabulated  in  the 
Report  of  the  International  Technical  Committee,  page  140. 

2.  ICSTHOD    or    RBCORDING    KZPKRIICBNTS 

The  form  in  which  the  records  are  preserved  is  as  foUows: 

TABLE  IV 
Run  of  March  23,  1909 


H«ldM 


C 
D 


Cup 


92 
93 
95 
26 
28 
27 


Cttpahiptd. 

do 

do 

DU 

Rod 

do 


TriploS98f.p. 
TriploS9SLp. 
SliicloS98Lp. 
Sliiclo  S9S  f.  p. 

Paeons  pot 

do 


Bloctfolyto 


Bokor'tlS%, 

do 

....do 

do 

do 

do 


VotaoM 


oe 
335 

335 

335 

175 
95 
95 


Standard  Cell  No.  56  at  25'*.04. 

Standard  Resistance  No.  3343  at  21^.1  at  start. 

Standard  Resistance  No.  3342  at  22^.4  at  end. 

Time,  7199.74  seconds. 

Current,  0.509426  ampere. 

Room  temperatm^,  20^.0. 

Humidity,  34  per  cent. 

Appearance  of  deposit:  No.  95,  striated  as  usual,  fuzzy  like  No.  26;  No.  93,  meditun 
texture,  very  striated;  No.  92,  very  striated;  No.  36,  fine  texture,  stiiations  not 
marked,  fuzzy;  No.  27,  very  fine  grain,  no  striations;  No.  38,  very  fine  grain,  no 
striations. 


"  U.  S.  Coost  and  Geodetic  Survey  Report  (or  189a,  Appendix  10. 
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The  current,  time,  and  mass  of  deposit  being  known,  we  obtain 
at  once  the  electrochemical  equivalent  from  the  formula. 

T^,    .      t.      -1        •14.     Mass  of  deposit 

Electrochemical  eqmvalent  =»  -^ — i^ 

^  Current  X  tune 

or  the  value  for  the  Weston  normal  cell  emf  =  * 


i.iiSooXtime 
TABLE  V 


Ptattnniii  bowl 

AWCtlOChCOllCftl  6QttlVS]Mlt 

K«.95 

1.U762 

K«.93 

L 11786 

Mo.  92 

L 11807 

no.a6 

•       tU744 

K«.27 

L 11706 

K«.28 

L 11706 

Not.  37  and  *8  are  standard  ciipt. 

These  values  for  the  electrochemical  equivalent  have  been  com- 
puted from  the  value  of  the  standard  cell  in  use  in  the  United 
Stated  prior  to  January  i,  191 1;  that  is,  the  voltage  at  25®  C 
equals  i. 01 890.  On  the  basis  used  since  that  time  we  obtain  for 
the  value  of  the  standard  cell,  assuming  the  electrochemical  equiva- 
lent 1.11800  mg  per  coulomb  and  adding  in  a  correction ''  of  3  in 
10^  as  determined  by  the  International  Committee, 

No.  27 1.01832  volts  at  20^. 

The  deposits  in  the  first  four  voltameters  are  obviously  abnormal, 
due  to  the  presence  of  filter  paper,  particularly  in  the  case  of  No.  93 
and  No.  92,  which  had  three  times  the  quantity  contained  in  No.  95 
and  No.  26.  It  is  worthy  of  notice  that  filter  paper  No.  598,  which 
gave  larger  values  than  No.  595,  is  a  much  heavier  paper;  that  is, 
there  is  a  greater  mass  of  cellulose  for  the  same  size  sheet  of  paper. 

3.  prsparahok  of  anodbs 

The  anodes  were  prepared  for  use  in  the  quantitative  experi- 
ments by  depositing  on  them  the  silver  from  the  bowls  used  in  the 
preceding  run.  This  provides  an  anode  of  great  purity  as  well  as 
affording  a  convenient  and  thorough  method  of  cleaning  the 
platinum  dishes. 

*  Report  of  International  Tedinical  Committee,  p.  a6. 
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In  order  that  the  electrolytic  silver  shotdd  adhere  closely  to  the 
anode  it  is  necessary,  (i)  that  all  traces  of  anode  slime  from 
previous  use  be  removed;  (2)  that  the  anode  be  made  bright  and 
clean  by  a  scratch  brush;  and  (3)  that  only  a  small  current  be 
employed  in  depositing  silver  upon  the  anode.  It  is  convenient 
to  start  this  process  in  the  evening  and  allow  it  to  continue  until 
the  following  morning. 

After  receiving  the  deposit  of  electrolytic  silver  the  anodes  are 
rinsed  in  a  few  changes  of  distilled  water  to  free  them  from  silver 
nitrate  and  then  baked  in  an  electric  furnace  to  free  them  from 
acid  and  to  reduce  any  traces  of  silver  salts  that  may  remain  on 
them.  It  is  convenient  to  heat  them  to  redness  for  a  few  moments 
for  this  purpose,  although  a  much  lower  temperature  would  be 
sufficient  to  eliminate  the  acid. 

Upon  anodes  prepared  in  this  way  very  little  anode  slime  is 
produced.  This  is  not  a  matter  of  great  importance  in  the  porous 
cup  voltameter,  but  is  more  important  in  any  form  of  voltameter 
in  which  no  septtun  is  used  between  anode  and  cathode. 

4.  ICSTHOD  or  PRBPAKING  CATHODBS 

The  platinum  dish,  after  being  electrolyzed  as  is  described  under 
the  method  of  preparing  anodes,  is  emptied  of  solution  and  as 
much  as  possible  of  the  black  crystalline  growth  that  forms  upon 
it  after  the  silver  has  disappeared  is  washed  out.  The  cups  are 
then  filled  with  strong  nitric  acid  (equal  parts  of  concentrated 
HNO,  and  water)  and  allowed  to  stand  for  about  half  an  hour. 
Following  this  they  are  thoroughly  gone  over  inside  and  out  with 
a  new  piece  of  cotton  cloth,  rubber  gloves  protecting  the  cups  from 
the  hands.  They  are  then  quickly  immersed  in  a  10  per  cent  solu- 
tion of  NaOH  to  remove  any  possible  traces  of  grease,  and  after- 
wards rinsed  in  dilute  HNOt  to  remove  the  last  traces  of  the  alkali. 
After  thorough  rinsing  with  tap  water  they  are  immersed  in  three 
changes  of  distilled  water,  of  which  the  last  two  are  double  distilled 
and  then  placed  in  the  oven  to  dry  for  three-quarters  of  an  hour. 
During  the  latter  part  of  this  process  they  are  handled  entirely 
with  tongs. 

5.  ICBTHOD  OF  WASHINO  THB  DBPOSITS 

After  the  removal  of  the  anode  and  septum  from  the  voltameter 
the  electrolyte  is  drawn  off  by  a  siphon  into  a  small  beaker  bearing 
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a  letter  to  identify  it  with  the  particular  voltameter.  A  few  cc  of 
electrolyte  necessarily  remain  in  the  voltameter  if  floating  silver 
is  present,  as  this  would  otherv/ise  be  drawn  over  in  the  siphon. 
The  dish  is  then  filled  with  double  distilled  water.  After  all  the 
voltameters  have  been  thus  dismantled  the  beakers  containing  the 
electrolyte  are  set  on  a  sheet  of  black  paper  in  a  strong  light  and 
examined  for  loose  silver  particles.  If  any  are  found  they  are 
caught  in  a  small  pipette  and  put  back  into  the  platinum  dish. 
The  distilled  water  in  the  platinum  bowls  is  then  drawn  off  mto 
large  lettered  beakers  and  then  two  or  three  more  wash  waters, 
according  to  the  amount  of  electroljrte  originally  left  in  the  volta- 
meter, are  used.  The  wash  waters  which  have  been  collected  are 
then  examined  for  any  particles  of  loose  silver,  as  in  the  case  of  the 
electrolyte.  After  any  such  particles  have  been  recovered  and 
put  back  in  the  platimmi  bowl  the  process  is  repeated.  Thus  each 
voltameter  is  filled  six  or  eight  times  with  distilled  water,  of  which 
the  first  and  last  two  are  double  distilled.  The  last  two  or  three 
never  show  any  trace  of  AgNO,  when  tested  with  NaCl.  After  the 
last  set  of  wash  waters  are  examined  the  cups  are  removed  to  an 
electric  oven  for  drying  at  1 50°. 

6.  METHOD  or  PRBPARING  THE  POROUS  POTS 

The  porous  pots  may  be  so  thoroughly  cleansed  that  they  can 
stand  for  hoiu^  in  distilled  water  without  greatly  increasing  its 
conductivity.  New  porous  pots  of  the  best  grade  of  unglazed 
porcelain  will  in  general  render  the  distilled  water  that  they  stand 
in  alkaline.  This  is  difficult  to  overcome  by  prolonged  soaking  in 
the  best  distilled  water,  but  the  process  can  be  greatly  shortened 
by  letting  dilute  nitric  acid  filter  through  by  gravity.  This  small 
amount  of  acid  is  easily  washed  out  and  a  new  pot,  after  such 
treatment  for  several  days,  is  without  effect  on  the  conductivity  of 
distilled  water.  As  the  porous  pots  are  used  from  time  to  time 
they  gradually  become  stained,  particularly  near  the  top.  This, 
however,  does  not  seem  to  affect  the  deposit  of  silver,  as  no  certain 
difference  has  been  detected  between  pots  in  constant  use  and 
others  which  were  new  and  suitably  treated.  It  is  well,  however, 
to  clean  and  whiten  them  occasionally,  and  this  may  be  safely  done 
in  two  different  ways,  which  require  about  the  same  time  and  are 
equally  effective.     By  one  method  the  porous  pot  is  filled  with 
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equal  parts  of  pure  nitric  add  and  water,  which  is  allowed  to  filter 
through  slowly  by  gravity.  If  the  pot  is  not  entirely  whitened  the 
process  should  be  repeated.  The  pot  is  then  to  be  soaked  in  dis- 
tilled water,  changed  several  times  a  day  tmtil  the  water  that  has 
slowly  filtered  through  it  is  neutral  to  iodeosine.**  Then  after 
allowing  several  portions  of  the  best  silver  nitrate  to  filter  through, 
it  is  ready  for  use  in  the  voltameter.  (The  above  method  was  de- 
veloped during  the  course  of  the  work,  but  was  not  used  at  first.) 

By  the  other  method  the  pot  is  freed  from  the  silver  nitrate  con- 
tained in  its  pores  by  soaking  it  for  several  dajrs  in  repeated  changes 
of  distilled  water.  When  the  water  that  has  slowly  filtered  through 
it  shows  no  reaction  with  sodium  chloride  or  hydrochloric  add  the 
pot  is  to  be  placed  in  a  clean  dectric  furnace  and  heated  to  bright 
red  for  about  half  an  hour  and  then  allowed  to  cool  slowly  in  the 
furnace  to  avoid  cracking.  It  should  now  be  white.  The  alka* 
Unity  of  the  pot  produced  by  baking  is  removed  by  soaking  it  in 
dilute  nitric  add  for  about  a  day.  When  all  traces  of  this  add 
have  been  removed,  as  is  easily  done  with  several  changes  of  dis- 
tilled water,  the  pot  is  prepared  for  use  in  the  voltameters  by 
filtering  several  portions  of  best  dectrolyte  through  its  pores. 

Pots  cleaned  by  these  two  methods  and  compared  with  those 
long  in  use  re\(ealed  no  difference  in  the  wdght  of  silver  deposited 
by  a  given  quantity  of  dectricity.  The  method  of  using  Aqua 
Regia,  KCN,  HN0„  and  boiling  water  as  recommended  by  Guthe** 
and  subsequently  used  by  Smith*  with  the  addition  of  baking 
the  pots  to  eliminate  the  add,  was  unsatisfactory  and  abandoned. 
It  requires  a  much  longer  time,  owing  to  the  soaking  necessary  to 
remove  the  acids  and  especially  the  KCN.  After  use  in  the  volta- 
meter the  pots  treated  in  this  way  are  often  stained  yellow. 

A  convenient  method  of  keeping  the  porous  pots  in  good  con- 
dition between  experiments  is  nearly  to  submerge  those  of  the  same 
size  in  pure  AgNO,  in  a  crystallizing  dish  covered  with  a  clock 
glass.  After  the  run  the  porous  pots  are  rinsed  free  from  all 
traces  of  anode  slime  by  a  strong  jet  of  distilled  water.  They  are 
then  rinsed  with  double  distilled  water  and  put  to  soak  in  the 
dectrolyte  again. 

«  This  test  will  be  given  in  the  third  paper  of  this  series  by  Rosa,  Vinal.  and  McDankL 

**  This  Bulletin,  1.  p.  93. 

*  Collected  Researches  ol  N.  P.  L.,  4.  p.  141. 
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C.  MANIPULATION  TESTS 

L  ERRORS  OF  STARTIN O.  STOPPINO,  AND  TIMINO  THE  DEPOSITS 
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The  quantitative  work  which  began  in  October,  1908,  was  pre- 
ceded by  certain  maniptilation  tests  designed  to  show  what 
accuracy  could  be  obtained  in  the  measurement  of  current  and 
time,  and  in  washing,  drying,  and  weighing  the  platinum  dishes. 

To  magnify  the  errors  incident  to  starting,  stopping,  and 
timing  the  deposits,  nine  short  runs  aggregating  about  10  minutes 
in  length  were  made  and  weighed  as  a  whole.  The  mean  value  of 
the  three  voltameters  gave  i  .1 1818  for  the  electrochemical  equiva- 
lent. This  was  69  parts  in  100  000  higher  than  the  values  fotmd 
from  the  two  subsequent  experiments  of  i  ampere  for  one  hour. 
Since  the  time  is  one-sixth  and  the  number  of  runs  9  the  propor- 
tional error  for  a  one-hour  run  would  bef|=i-3inioo  000.  This 
error  has  probably  been  considerably  reduced  as  the  work  has 
progressed. 

2.  COMP^ARISOKS  or  VACUUM  DESICCATORS  AlTD  OVENS 

Comparisons  were  made  of  drying  the  platinum  dishes  in 
vacuum  desiccators  over  sulphuric  acid  and  in  an  electric  oven  at 
150®  with  results  showing  the  superiority  of  the  oven  aside  from 
the  question  of  time  saved.  Three  large  platinum  bowls  pre- 
pared as  if  for  a  quantitative  determination  were  allowed  to  dry 
in  separate  vacuum  desiccators  over  night  and  then  weighed 
against  the  usual  coimterpoise.  They  were  then  baked  at  150® 
for  2}i  hours  and  weighed  again  with  the  following  results: 


TABT.R  VI 

No.9S-No.94 

No.  93-No.  94 

No.92-No.94 

mf 

mf 

mf 

^a2i3 

-a  134 

aooo 

-  .316 

-  .214 

—  .089 

.103 

.080 

.089 

-  .321 

-  .218 

-  .093 

.005 

.004 

.004 

AtertMkiiif 

LoiBinweiclit... 
AterreteUiif... 
LoiB  in  woight. . . 


Since  0.082  mg  corresponds  to  2  parts  in  100  000  of  the  total 
deposit  in  a  normal  run  the  loss  in  weight  fotmd  after  the  first 
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baking  is  too  serious  to  neglect.    The  second  baking,  however, 
caused  very  little  change. 

Similar  comparisons  between  vacumn  desiccators  and  oven 
drying  were  tried  with  the  bowls  containing  the  deposit  of  a  pre- 
liminary experiment.  This  showed  better  agreement  between  the 
two  methods  of  drjring.  Immediately  after  finishing  the  washing 
of  the  deposit  the  cups  were  placed  in  separate  vacuum  desiccators 
and  left  over  night.  The  following  morning  they  were  weighed 
and  then  baked  at  1 50**  for  two  hours  and  reweighed.  The  deposits 
were  distinctly  whiter  after  the  baking.    The  results  are  as  follows : 

TABLE  Vn 


Citf 

iUHrd..k.ia. 

AMmbtklBg 

LMiiawtlChi 

K«.95 

4023.02 
4023.23 
4022.86 

4022.99 
4023.17 
4022.83 

ao3    - 

lf«.93 

.06 

Kt.92 

.03 

Two  reasons,  however,  led  tis  to  abandon  the  vacuum  desiccator 
in  favor  of  the  oven.  First,  the  oven  was  a  much  more  expeditious 
method  under  our  circumstances;  second,  we  preferred  to  leave  as 
much  as  10  cc  of  double  distilled  water  in  the  cups  after  washing 
the  deposit,  when,  as  often  happened,  there  was  loose  silver  floating 
on  the  surface  of  the  water,  rather  than  to  drain  t^e  bowl  and  retiun 
the  loose  silver  to  the  bowl. 

3.  WKIOHINOS 

Throughout  the  course  of  the  work  the  weighing  of  the  cups  was 
checked  by  observing  the  differences  in  weight  of  dishes  that  had 
been  weighed  singly  against  the  coimterpoise.  Occasionally  a 
whole  new  set  of  weighings  was  made  and  we  present  the  following 
as  typical.  The  first  set  is  not  as  good  as  the  average,  but  the 
second  is  perhaps  a  little  better.  The  two  sets  are  in  satisfactory 
agreement  since  the  maximum  difference  is  equal  to  only  2.5  parts 
in  a  million  of  the  deposit  of  silver. 
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TABLE  Vm 
Comparison  Showing  the  Accuracy  of  Weighings 
Nos.  127  and  128  were  weighed  against  No.  25  on  August  15, 1910, 

mg 

(i)  No,  127 — ^No.    25=— 0.092 

(2)  No.  128 — ^No.    25=—  .319 

(3)  No.  127 — No.  128=  +  .207 


Prom  the  first  and  second  weighings, 

Nos.  127 — 128 
The  least  square  adjusted  values 


+0.227 


No.  127 — ^No.    25=  —0.099 
No.  128 — ^No.    25=-  .312 

These  cups  remained  in  the  balance  tmtil  August  19,  when  they 
were  reweighed. 

mg 

(i)  No.  127 — ^No.    25=— 0.092 

(2)  No.  128 — ^No.    25=—  .312 

(3)  No.  127 — ^No.  128=  +  .228 

From  weighings  (i)  and  (2) — 

No.  127 — No.  128=  +0.220 

The  least  square  of  adjusted  values  are — 

No.  127 — ^No.    25=  —0.089 
No.  128 — No.    25=—  .315 

Assuming  that  the  tare  No.  25  has  remained  constant  during 
this  time,  we  find  the  weights  of  the  individual  cups  to  be — 


Date 


N«.  128 


Auf.15 
Aiic.19 


f 
55.069901 
55.069911 


f 
55.089588 
55.089585 
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D.  QUAHTITATIVB  RBSULTS 
1.  LIST  OF  Dxposrra 

Between  October  8,  1908,  and  September  22,  1909,  we  have 
made  27  separate  nms  with  various  forms  of  voltameters,  having 
from  3  to  10  cups  in  use  in  each  case.  There  were  made  in  all  122 
deposits,  one  of  which  was  spoiled  by  the  breaking  of  an  especially 
tender  filter  paper.  All  the  other  deposits  made  or  attempted 
(excluding  a  large  number  of  qualitative  deposits  not  intended  to 
be  weighed)  have  been  tabulated. 

The  first  2 1  deposits  made  were  in  Rayleigh  voltameters,  using 
large  platinum  cups  (weight  80  g,  volume  350  cc)  with  the  same 
silver  nitrate  and  filter  paper  used  in  1907.  The  mean  value 
found  for  the  electrochemical  equivalent  from  these  21  deposits 
was  I.I  1749,  almost  identical  with  the  mean  fotmd  in  1907.  The 
average  variation  from  the  mean  was  5  parts  in  100  000,  showing 
a  good  d^;ree  of  reproducibility  when  the  same  procedure  is 
followed. 

The  next  100  deposits  were  made  between  December  22,  1908, 
and  September  22,  1909,  in  which  we  studied  the  effect  of  filter 
paper  in  varying  quantities  in  the  voltameter  and  compared  the 
Rayleigh  and  Richards  forms,  also  varying  the  electrolyte,  and 
changing  ntunerous  working  conditions. 

Table  IX  consists  of  a  complete  tabulation  of  the  deposits  made 
during  this  period.  The  values  for  the  electrochemical  equivalent 
of  silver  are  our  original  results  based  on  the  value  of  i  .01890  volts 
for  the  Weston  normal  cell  at  25®  C,  as  was  the  practice  in  the 
United  States  prior  to  January  i ,  191 1 .  The  means  of  the  various 
tables  following  are  converted  into  values  for  the  voltage  of  the 
Weston  cell  computed  upon  the  assumption  of  the  electrochemical 
equivalent  of  silver  being  i.i  1800  mg  per  coulomb,  in  accordance 
with  the  decision  of  the  London  Conference  of  1908. 

Table  X  contains  a  list  of  43  deposits  in  the  Rayleigh  voltameter 
taken  from  the  preceding  general  table.  Thirty-seven  of  them 
were  made  using  one  sheet  of  filter  paper,  fotir  using  two  sheets, 
and  two  using  three  sheets.  The  average  value  for  the  first  set 
was  I.I  1745,  of  the  second  1.11768,  and  of  the  third  1.11796. 
This  shows  that  the  excess  of  the  deposit  above  the  correct  value 
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is  approximately  proportional  to  the  quantity  of  filter  paper 
present. 

Table  XI  gives  a  record  of  53  deposits  made  in  the  porous  cup 
form  of  voltameter,  of  which  the  first  eight  were  contaminated 
with  filter  paper  and  three  others  were  abnormal,  Nos.  103,  109, 
and  117.  The  42  normal  deposits  average  i.i  1704  for  the  electro- 
chemical equivalent.  This  is  a  mean  for  large  and  small  volta- 
meters and  different  electrolytes.  Most  of  it  is  15  per  cent  new 
electrolyte,  but  a  few  deposits  were  made  with  used  solutions. 
The  large  cups  give  a  deposit  which  averages  2.5  in  100  000  greater 
than  the  small  cups.  This  average  is  40  parts  in  100  000  lower 
than  the  value  given  by  the  filter  paper  voltameter. 
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TABLE  X 
Voltameter 


DMto 

ll«. 

SLCk.Bt. 

Kta«ilfl]|tr9fl9tr 

190t 

Oct    a 

1 

L  11755 

X.  *  A.  •<B«t  wMt~ 

2 

752 

D*. 

3 

756 

D*. 

12 

4 

742 

D*. 

5 

746 

D*. 

• 

743 

D*. 

at 

7 

743 

D*. 

a 

743 

D*. 

« 

9 

748 

D*. 

BlfV.   JO 

10 

758 

D*. 

11 

799 

D*. 

12 

758 

D*. 

Dtc     1 

13 

747 

D*. 

14 

748 

D*. 

IS 

747 

D*. 

a 

If 

745 

D*. 

17 

742 

D*. 

If 

747 

D*. 

14 

19 

751 

D*. 

JO 

746 

D*. 

21 

747 

D*. 

22 

22 

743 

D*. 

2a 

2S 

735 

8.*8.K«.d95 

26 

731 

8.  *  8.  H*.  602,  hni 

27 

731 

X.AA.'VwtwMte" 

F«b.    11 

84 

751 

8.  *  8.  H*.  602,  hni 

35 

772 

2ihMCilf«.602,h»i 

27 

40 

735 

8.*8.K«.602,ktt4 

41 

744 

D*. 

Mtf.  11 

46 

775 

2ihMlill«.995 

47 

771 

2ihMCill«.602,ktt4 

48 

738 

lilMe(ll«.602,ktt4 

49 

737 

lilMe(ll«.595 

23 

52 

762 

1  IBMv  H#»  598,  Wy  DMVy  psyv 

53 

786 

3ihMCiK«.595 

54 

807 

3ihMliK«.S98 

55 

744 

lilMe(lf«.595 

MMf  la 

83 

748 

5  ihMlilf*.  590,  vwy  IUb;  •fohalMt  li  2  ihi 

«lill«.S95 

Jum    3 

89 

753 

2ihMliK«.595 

Aoff.   26 

101 

726 

Undaed  IliMn  yaytr 

102 

714 

Undaed  cottMi  9^ar 

Seft    9 

107 

736 

LMi  fhaa  ordinafy  N«.  595 

108 

755 

lChM(Ko.595 

Mcaii  of  43— 1.11749. 

Mean  of  37~x-i>745.  ^^hh  x  sheet  of  filter  paper. 
Mean  of  4— x.zxT^S,  with  a  sheeu  of  filter  paper. 
Mean  of  »«x.  1x796,  with  3  sheets  of  filter  paper. 
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Taking  the  value  obtained  for  the  normal  Rayleigh  voltameter 
(e.  g.,  with  I  sheet  of  filter  paper)  we  find  the  voltage  of  the  Weston 
normal  cell  at  20^,  assmning  the  electrochemical  equivalent  of 
silver  to  be  1.11800  mg  per  coulomb,  is  1.01866  volts. 

TABLE  XI 
Richards  Voltameter 

(Tbe  dectrolytc  for  tlie  fint  cii^t  dcposiu  wm  filtered  thfodfh  filter  pspcr.  For  tlie  otheri  no  filter 
paper  wMiaed,  except  w  noted,  aiid  in  molt  oiscttlie  electrolyte  was  act  filtered.  The  lane,  flMdhm, 
•ad  toudl  yoltemeten  are  denoted  by  1,  m.  s.  leepectifely.) 


IMa 

He. 

SIM 

SLCh.Bt. 

RaoMffka 

Dm.  22 

23 

L 

L  11727 

Pareua  cuya  aeakad  In  vaad  aiactrelyla  troBi  Bajplali^  fallaiMliff 

24 

L 

722 

Vtb.  11 

se 

t. 

716 

89 

t. 

716 

27 

44 

t. 

707 

4S 

t. 

717 

Kahlbaom  AgHOa 

Mar.  11 

SO 

t. 

740 

Slactralyla  pfabaMy  cMftaMlaalad 

51 

t. 

740 

Da. 

2S 

56 

t. 

708 

DlMBJUitln  ii^il  tt^tt  ^  fl^^v  ^ttttAT  ^v  flH^ffteff  ^M^ftfvte 

57 

t. 

708 

Afr.    5 

58 

L 

710 

59 

L 

708 

60 

t. 

707 

61 

t. 

704 

f 

68 

L 

717 

64 

t.    . 

715 

65 

t. 

714 

li 

66 

L 

705 

(Viltar  yapar  inalda  al  paiaaa  coy) 

67 

L 

704 

68 

t. 

708 

69 

t. 

702 

24 

70 

L 

707 

UaadaehiMMi 

71 

L 

718 

If  aw  aihiIlM 

72 

t. 

712 

Da. 

73 

t. 

706 

UaadartoMm 

ll«y    $ 

74 
75 

L 

L 

697 
702 

'Uaad  alactrrijFlaf  flMarao  Inriuch  porawa  coy 

76 

L 

716 

Uaad  aladrriyla,  net  flllarad,  net  dear 

78 

t. 

703 

Uaad  alactiolyla,  net  flttarad,  dear 

79 

t. 

700 

Uaad  alactiolyla,  flMaiad 

18 

80 

L 

709 

If  aw  aiactreljfia 

81 

L 

698 

Uaad  aiactnljfia  fiHarad  ttuaufli  poraua  cop 

82 

L 

697 

Uaadalaclrriyla,flltefad 

Jvaa   3 

90 

t. 

698 

Ifaw  alaclialjfla 

91 

t. 

698 

Uaadaladialyta 

10 

92 

L 

710 

Haw  alaclialjfla 

'  93 

t. 

702 

Uaadaaadaaladialyta 
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TABLE  XI— Continued 
Richards  Voltameter — Continued 


[VoLo 


DMto 

N«. 

Siie 

SLCh.  Bq. 

RMUiln 

iU«.  18 

9S 

U 

X. iiTOO 

Fimkhnt  MUt 

96 

U 

69S 

Bakaraatt 

97 

U 

696 

Da. 

96 

m» 

683 

Vtankfiut  aatt 

99 

t. 

694 

Bakaraatt 

100 

t. 

680 

mnkfiutaatt 

26 

103 

ou 

715 

Sactialjrla  cwtaMlMlad 

104 

t. 

699 

Fiankfut  aatt 

105 

t. 

694 

Da. 

Sift    9 

106 

L 

717 

109 

m. 

724 

KlA^f^vte  jiAiiiaiiiimiail 

110 

t. 

714 

HI 

t. 

708 

17 

112 

U 

707 

113 

1. 

717 

Slactfalyla  flMatad  bat  thiaiich  flttac  yayar 

117 
MUlil42 

705 

Ml 

1.11704t 

Avetace  diffefcnoe^sH  in  too  ooo  between  large  and  toudl  in  same  runs. 

The  mean  of  these  42  determinations  gives  for  the  value  of  the 
Weston  normal  cell  at  20^  i. 01 8287  volts.  The  first  eight  and 
Nos.  76,  103,  and  109  have  been  omitted  in  taking  the  mean. 

TABLE  Xn 
Summary  of  lyGscellaneous  Deposits 


Data 

Na. 

BLC]i.Bq. 

Ramatfa 

1909 

Afr.     9 

62 

1. 11741 

Bakar  aatt»  amaU  vattamatar  with  poivaa  cup,  bavtnf  atrif  ol  flltar  papar 
50  bf  6i  cm  wiapfad  aroond  ontaida  ollattar 

May    6 

77 

1.11746 

Poiaoa  cop  oaad  alactialyta  traoi  Raylaich  vattamatar 

18 

84 

1.11722 

Uaad  alactialyta,  with  flltar  papar  30  bf  5  cm  wiapfad  amind  foiaaa  cop 

85 

1.11735 

Uaad  elactratyta  from  No.  62 

86 

1.11802 

Haw  Bakar  alactiolyta,  2  diaata  of  flltar  paper  aaaked  over  night  in  alae- 
tioljta 

87 

1.11817 

Unan  bac  around  anode,  aa  oaed  bf  Ladoc 

88 

1. 11757 

SUk  bag  aionnd  anode 

Jniia  10 

94 
aanal8. 

L  11746 

New  Bakar  electrolyte  15  per  cent  raw  ailk  aaaked  In  it  aver  ni^ 

M 

1. 11758 

Weston  cell  at  ao*—  z. 01878. 
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Tabk  XII  gives  a  list  of  eight  deposits,  in  some  of  which  filter 
paper  was  placed  in  the  electrolyte  outside  the  porous  cup,  or  a 
filter  paper  solution  was  used  in  a  porous  cup  form,  or  a  silk  or 
linen  bag  was  used  instead  of  filter  paper  or  a  porous  cup.  In 
every  case  the  deposit  is  too  heavy;  in  two  cases  by  nearly  one- 
tenth  per  cent. 

Table  XIII  gives  the  results  of  10  deposits  in  the  Poggendorff 

form  of  voltameter,  3  of  which  were  failures.    The  value  of  the 

equivalent  as  given  by  a  porous  cup  voltameter  is  also  given  (in 

one  comparative  run  the  latter  is  assumed  as  1.11703).    The 

mean  value  is  somewhat  higher  than  the  porous  cup  form  has 

given. 

TABLE  Xm 


Stimmary  of  Poggendorff  Form,  V^&out  Silk  Septum 

K«. 

BLCtuBq. 

DMto 

an 

Pwvus 

RMBttkS 

Z909 

Feb.    2 

31 
36 
37 
42 
43 
114 

lis 

116 
119 
121 

DtpMtt  4  mi  tfo  bMYv.  aiMde  i^iiiie  on  ctthmle 

11 

27 

Sift  17 

L 11737 
731 
709 
^96 

716 
716 
707 
717 

DtpMtt  Hitatad  Bdkar  Mills  per  cent 
DepMttHitatad 
Baker  MttlS  per  oent 
Kahltwimi  eettlS  per  cent 
Depettt  L7  ag  tM  Ught,  tUver  Itet 

Deoettt  1  mi  too  heavy,  anode  iUme 

22 

714 
721 
716 

705 
703 
703 

Geoddepoatt 
De. 
De. 

Mt 

aAol7. 

LM718 

709 

Weston  cell  at  ao*— 1.0x841  volts. 

The  electrolyte  was  not  quite  pure,  so  that  the  deposit  should 
have  been  a  little  too  heavy.  The  small  porous  cup  voltameters 
in  use  at  the  same  time  for  comparison  gave  i.i  1709,  or  8  parts  in 
looooo  less. 

2.  NAKILATIVB  OF  THB  TBIALS  OF  FU^TBR  PAPBR,  BTC 

Between  October  8  and  December  14,  1908,  seven  experiments 
were  made  using  three  large  Rayleigh  voltameters,  all  assembled 
under  as  nearly  identical  conditions  as  possible.  The  current  and 
time  were  accurately  meastu^  and  were  i  ampere  and  one  hour, 
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respectively,  thus  depositing  about  4.098  grams  of  silver.  The 
result  of  these  experiments  was  to  show  a  very  fair  degree  of 
reproducibility,  but  the  value  obtained  for  the  ^ectrochemical 
equivalent  of  silver  was  considerably  in  excess  of  that  fotmd  by 
Smith,  Mather,  and  Lowry.**  On  December  22  two  porous  pots 
made  by  Koniglich  Porzellan  Manufaktm*  of  Berlin  were  used  for 
the  first  time. 

The  values  obtained  with  the  porous  pots  were  almost  2  in 
10  000  smaller  than  with  the  filter  paper.  This  suggested  that 
the  " Best  white"  filter  paper  which  we  had  been  using  up  to  this 
time  might  not  be  suflfidently  good.  In  the  next  nm  of  December 
28,  1908,  we  therefore  compared  it  with  No.  595  S.  &  S.  and  No. 
602  S.  &  S.  and  fotmd  all  in  substantial  agreement.  A  further 
comparison  of  filter  paper  and  porous  cups  on  February  2,  1909, 
confirmed  the  conclusions  of  the  preceeding  runs  that  the  Rayleigh 
voltameter  gives  a  higher  deposit  than  the  porous  cup  type.  We 
supposed  at  this  time  that  this  was  due  to  the  filter  paper  not 
acting  as  a  perfect  separator  of  the  anode  and  cathode  solutions 
as  has  been  suggested  by  Richards.*^  In  the  hope  of  rendering 
the  filter  paper  more  eflScient  in  this  regard  we  tried  in  succeeding 
experiments  the  effect  of  doubling  or  even  trebling  the  thickness. 
But  instead  of  agreeing  better  with  the  result  obtained  with  the 
porous  cup,  the  deposits  were  still  heavier,  two  sheets  of  filter  paper 
giving  an  excess  of  about  double,  and  three  an  excess  about  treble 
that  due  to  one  sheet.  That  is,  the  excess  in  weight  was  propor- 
tional to  the  quantity  of  filter  paper,  and  was  therefore  not  due  to 
the  filter  paper  being  an  imperfect  filtering  medium.  This  result 
also  followed  when  the  finest  grades  of  filter  paper  were  used,  the 
excess  weight  above  the  normal  weight  m  a  Richards  voltameter 
being  practically  the  same  for  all  filter  paper  tried,  if  the  weight 
of  filter  paper  submerged  in  the  electrolyte  was  the  same.  The 
excess  weight  of  silver,  with  a  relatively  large  sunount  of  filter 
paper,  may  be  as  much  as  o.i  per  cent.  Striations  are  more 
marked  as  the  quantity  of  filter  paper  is  greater,  so  that  one  can 
predict  a  heavy  deposit  by  its  appearance. 

This  evidence,  which  seemed  to  indicate  that  the  filter  paper 
voltameter  was  giving  abnormally  high  values  for  the  electro- 

*  Colkcted  RcMardiet,  N.  P.  I*.,  4,  p.  157.  '  Proc.  Am.  Aaulcmy,  t6,  p.  i^y   t7,  p.  4x5. 


posi<  in  Richar\is  voltameter.     The  electrolyte  had  been  previous^ 
a  voltameter  free  from  filter-paper  cc 


rig.  14.^ — Striated  deposit  made  in  a  Richards  vollameler  from  an  electrolyte  previously  u. 
with  filter  paper 
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chemical  equivalent,  was  confirmed  on  April  9  and  16,  when  we 
compared  voltameters  having  both  the  porous  cup  and  filter  paper 
with  the  ordinary  porous  cup  type.  In  the  former  experiment  a 
strip  50  by  6.5  cm  of  No.  602  S.  &  S.  filter  paper  was  wrapped 
around  the  outside  of  the  porous  cup.  The  deposit  in  this  voltam- 
eter was  strongly  striated  and  26  parts  in  100  000  heavier  than  the 
mean  of  the  three  normal  Richards,  which  agreed  closely  among 
themselves  and  were  free  from  striations.  On  April  16  a  similar 
experiment  was  performed,  differing  only  in  the  fact  that  the  strip 
of  filter  paper  was  placed  inside  of  one  of  the  porous  cups.  The 
four  deposits  of  this  run  were  all  fine  grain  and  free  from  striation 
and  the  maximum  difference  in  weight  between  any  two  is  only  3 
parts  in  100  000.  These  results  were  confirmed  by  a  subsequent 
experiment  on  May  18. 

Having  thus  satisfied  ourselves  that  filter  paper  is  capable  of 
exercising  a  profoimd  effect  on  the  appearance  and  weight  of  the 
deposit,  we  were  naturally  led  to  inquire  whether  it  was  necessary 
to  have  the  paper  present  at  the  time  the  electrolysis  was  actually 
in  progress.  We  obtained  the  first  definite  knowledge  that  such 
was  not  the  case  on  May  6,  when  we  electrolyzed  for  the  second 
time  the  cathode  solution  that  had  been  used  in  the  combined 
porous  cup-filter  paper  voltameter  of  April  9.  This  time  the 
electrolysis  was  made  in  a  normal  Richards  voltameter  and  was 
compared  with  solutions  that  had  been  used  previously  with 
porous  cups  only.  The  results  of  this  experiment  were  very  con- 
clusive. The  deposit  from  the  electrolyte  contaminated  with 
filter  paper  was  again  strongly  striated  and  gave  a  value  for  the 
electrochemical  equivalent  that  was  characteristic  of  the  Rayleigh 
voltameter,  while  the  others  gave  nonstriated  deposits  of  what 
we  believed  to  be  about  the  normal  weight.  Two  contrasted 
deposits  of  this  run  are  shown  in  photographs,  figures  13  and  14. 
The  results  of  this  experiment  justified  the  conclusion  which  we 
had  previously  reached,  that  it  was  unwise  to  filter  the  electrolyte 
through  filter  paper  before  use.  This  practice  had  been  discon- 
tinued beginning  with  the  run  of  March  23,  1909,  and  since  that 
time  we  had  been  obtaining  lower  values  for  the  electrochemical 
equivalent  with  the  Richards  voltameter. 

On  Jime  3  and  June  10  we  began  to  try  other  substitutes  for 
filter  paper,  particularly  linen  and  silk  textiles.     In  the  former  of 
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these  two  runs  we  inclosed  the  anodes  in  silk  and  linen  bags  as  was 
done  by  Leduc  and  compared  them  with  a  Richards  voltameter 
taken  as  standard.  We  also  electrolyzed  at  this  time  340  cc  of  the 
same  electrolyte  in  which  two  sheets  of  19  cm  No.  595  S.  &  S. 
filter  paper  had  been  allowed  to  soak  over  night.  This  was  done 
in  a  Richards  voltameter.  The  deposits  from  the  silk  and  the 
linen  were  both  abnormally  high,  the  latter  being  more  than  o.i 
per  cent  higher  than  the  standard  voltameter,  but  this  may  have 
been  due  in  part  to  some  anode  slime  passing  through  the  meshes 
of  the  cloth. 

The  deposit  from  the  electrolyte  contaminated  with  filter  paper 
was  also  o.i  per  cent  heavy.  The  sides  of  this  cup  were  more 
heavily  striated  than  any  we  had  seen  up  to  this  time  and  the 
bottom  was  covered  with  stiff  vertical  rods  of  silver  several  milli- 
meters long.     (See  Fig.  15.) 

On  June  10  we  compared  the  deposits  from  an  electrolyte  in 
which  some  of  the  same  sample  of  silk  as  used  in  the  previous  run 
had  been  soaked  over  night,  with  a  normal  voltameter,  and  also 
with  a  voltameter  in  which  the  electrolyte  was  anode  solutions 
saved  from  previous  runs  and  free  from  filter  paper  contamination. 
This  last  was  tried  because  we  believed  that  if  a  complex  ion  were 
really  present  in  the  anode  liquid  we  should  get  an  abnormally 
heavy  deposit.  This,  however,  we  did  not  find,  but  in  fact  it  gave 
a  lower  deposit  than  the  standard  cup.  In  appearance,  weight, 
etc.,  it  behaved  like  the  used  cathode  liquid  reelectrolyzed  in  some 
previous  experiments.  (See  Fig.  16.)  The  result  of  the  silk  test 
was  a  deposit  very  abnormal  in  weight  and  appearance.     (See 

Fig.  17.) 

3.  USBD  SOLXmONS 

Further  evidence  of  the  action  of  filter  paper  and  similar  sub- 
stances in  increasing  the  weight  of  the  deposit  was  obtained  by 
reelectrolyzing  certain  of  our  old  solutions  saved  from  previous 
experiments.  Many  observers  ••  have  recorded  an  increased 
deposit  from  solutions  electrolyzed  two  or  more  times.  This  we 
believe  to  have  been  due  to  contamination  of  the  solution  with 
filter  paper,  because  in  our  earliest  work  done  during  the  sunmier 

*  Novak,  Proc  Roy.  Bohemian  Ac.  Sd.  Piacue,  1,  p.  387:  i893«  Rodcer  and  Wataon,  PhU.  Trans.  A. 
IM;  1895.  Kahle,  Zdtichr.  f.  Inst.  18,  p.  299;  1898.  van  Dijk,  Ann.  d.  Phys.  If,  p.  349;  1906.  Guthe, 
Phys.  RcT.  If,  p.  X38;  1904.    This  Bulktin,  I,  p.  355;  1904. 


t , 


Fig,  16.- — Shaming  a  normal  crystalline  de- 
posit from  an  electrolysis  of  anode  solution. 
X16 


Fig.  17. — Shouiing  the  effect  of  silk  in  chang-  Fig.  IS. Shoiving  the  modification  of  crys- 

ing  the  crystalline  character  of  the  deposit.  tailing  structure  due  to  filtering  the  eleclro- 

X  IS  lyte  hoi  through  filter  paper,     X26 
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of  1907  we  observed  this  increase  many  times  while  we  were  using 
the  Rayleigh  type  of  voltameter.  We  f otmd  for  the  means  of  new 
and  used  solutions 

34  deposits  tmused  solutions i .  1 1 746 

21  deposits  used  solutions 1. 1 1761 

But  on  the  other  hand  we  have  repeatedly  used  solutions  saved 
from  the  Richards  voltameters  of  previous  runs  and  have  found 
the  deposit  to  be  substantially  normal  in  weight  and  appearance, 
tending  rather  to  be  lighter  in  weight  than  heavier.  Since  in  this 
latter  case  we  were  dealing  with  solutions  that  had  not  been  in 
contact  with  filter  paper  we  believed  this  to  be  an  added  proof  that 
filter  paper  is  an  active  agent  in  the  voltameter.  Smith  ••  found 
that  long  continued  electrolysis  is  without  effect  upon  the  deposits 
made  subsequently  with  the  same  electrolyte,  but  it  is  to  be  noted 
that  in  performing  this  experiment  he  omitted  the  use  of  filter 
paper  in  the  major  part  of  the  experiment. 

Dining  the  quantitative  work  of  1909  we  made  eight  determi- 
nations of  the  electrochemical  equivalent  with  used  solutions 
saved  from  the  Richards  voltameter  and  which  were  therefore  free 
from  filter  paper  contamination,  and  at  the  same  time  five  deter- 
minations with  new  solutions  with  results  as  follows: 

TABLE  XIV 


Date 

size 

New 
eleclfoljte 

Ueed 
electrolyte 

RemarkB 

1909 
Apr.  24 

L 

t. 
L 
t. 
1. 
t. 
L 
h 
h 
t. 
f. 
1. 
t. 

Mmii 

L 11718 

7ia 

Baker  AgllOi 

Do. 

1.11707 
706 
716 
703 

Cathode  Uqnid 

Do. 

May    6 

Blectrohle  not  clear,  omitted 

Cathode  Uqnid 

18 

709 

Baker  AfllOi 

696 
697 

Cathode  Uqnid 

Do. 

Imit   3 

696 

Baker  AfllOi 

696 

Cathode  Uqnid 
Baker  AfllOi 

10 

710 

702 

Anode  Uqnid 

L 11709 

1.11702 

•  Collected  Reocarcfaes,  Nat.  Phyo.  Lab.  Vol.  IV,  p.  164. 
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In  the  column  headed  ''size"  the  letters  1  and  s  are  used  to 
denote  the  large  bowls  and  small  bowls,  respectively.  The  crystals 
from  used  electrolyte  are  well  formed  but  usually  finer;  that  is, 
there  are  more  to  the  square  centimeter  of  area  than  in  the  other 
case. 

Repeated  electrolysis  makes  the  deposit  still  finer  in  grain.  On 
November  3,  1909,  we  assembled  a  voltameter  with  100  cc  of  piu*e 
unused  electrolyte  as  if  for  a  quantitative  nm.  We  made  foiu* 
runs  at  i  ampere  for  one  hoiu*  each  with  this  electrolyte,  examin- 
ing and  removing  the  deposit  between  each  nm.  As  the  100  cc  of 
15  per  cent  solution  contained  at  the  start  1 1 .2  grams  of  silver  and 
dtuing  the^our  experiments  we  removed  16  grams,  this  served  as  a 
test  of  complete  exhaustion.  The  deposit  from  each  successive 
run  was  finer  than  that  of  the  preceding.  At  the  end  of  the  fourth 
experiment  the  electrolyte  was  neutral  to  methyl  orange  after  pre- 
cipitating the  silver  with  neutral  KCl  solution  and  filtering.  Appar- 
ently the  acid  plays  an  important  rdle  in  diminishing  the  size  of  the 
crystals,  as  only  very  small  amotmts  are  required,  but  it  also  seems 
possible  that  this  decrease  in  size  of  the  silv«r  crystals  is  due  in  part 
to  the  decrease  in  concentration  of  the  electrolyte  outside  the  porous 
pot.  We  have  foimd  that  concentration,  like  current  density, 
exercises  a  marked  influence  upon  the  size  of  the  crystals.  This 
may  not,  however,  be  the  whole  explanation  of  the  phenomena, 
since  the  deposit  seems  to  be  slightly  Ughter  in  weight  as  well  as  of 
finer  grain.  We  have  made  quantitative  comparisons  of  deposits 
from  different  concentrations  without  being  able  to  detect  any 
certain  difference  in  weight. 

Aside  from  the  small  changes  in  weight  and  appearance  con- 
tinued electrolysis  is  an  effective  method  for  piuifying  a  badly 
contaminated  solution.  In  a  series  of  experiments  ^*  on  a  solution 
contaminated  with  filter  paper,  electrolyzing  the  solution  repeat- 
edly, we  were  able  to  observe  this  piuifying  effect,  as  the  deposit 
gradually  changed  from  the  strongly  striated  molten  appearance 
at  first  to  a  somewhat  crystalline  and  slightly  striated  stage,  and 
finally  to  a  state  of  complete  freedom  from  striations  and  well- 
defined  crystalline  deposit.     Using  solutions  that  we  knew  to  be 

sUghtly  impure  we  have  made  them  give  values  for  the  electro- 

- 

*  ^  Described  in  the  second  paper  ol  this  series  by  Rosa,  Vinal,  and  McDanid. 
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Vmall 
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chemical  equivalent  more  nearly  consistent  with  what  we  believe 
the  correct  figure  by  this  preliminary  electrolyzing  process.  Two 
such  samples  of  AgNOj  were  put  in  Richards  voltameters  and  8 
grams  of  silver  deposited.  The  cathode  Uquid  was  then  drawn  off 
and  used  in  several  voltameters  in  a  quantitative  experiment. 
Omitting  one  voltameter,  which  was  obviously  abnormal,  we 
have: 

TABLE  XV 

Effect  of  ElectTol3rsis  on  Impure  Solutions 


OilgliiAl  Baker 

Blectiolyzed  Baker 
Do 


1.11711 
1.11708 
1.11706 


Original  Frankfurt 

Do 

Blectrolyzed  Frankfurt 


1.11706 
1.11706 
1.11700 


4.  USB  OF  FILTBR  PAPBR  IN  FILTBRINO 

Smith^^  in  his  description  of  a  standard  method  of  preparing 
silver  nitrate  makes  the  following  statement: 

For  filtering  the  hot  solution  we  prefer  to  use  a  Hirsh  porcelain  funnel,  the  perforated 
plate  of  which  is  covered  by  two  disks  of  filter  paper. 

We  believed  that  the  electrolyte  might  be  sufl&ciently  contaminated 
in  this  way  to  render  the  results  unreUable,  and  accordingly  tried 
the  following  experiment :  The  electroljrte  for  one  cup  of  the  run  of 
September  17,  1909,  was  mixed  hot  and  concentrated  and  then 
filtered,  as  described  by  Smith.  Afterwards  it  was  cooled  and 
diluted  to  15  per  cent  and  electrolyzed  in  a  Richards  voltameter. 
The  excess  weight  of  i  in  10  000  over  the  normal  Richards,  as  well 
as  the  appearance,  shows  that  the  deposit  has  been  affected  by  the 
filter  paper.  To  the  unaided  eye  the  deposit  looks  woolly  and 
striated.    A  magnified  sample  of  it  is  shown  in  figure  18. 

The  conclusions  of  our  work  with  the  Rayleigh  voltameter  have 
made  it  evident,  we  believe,  that  for  work  of  high  accuracy  any 
voltameter  containing  filter  paper  or  similar  substance  is  to  be 
avoided,  and  that  in  the  preparation  of  silver  nitrate  care  must  be 
exercised  to  keep  it  free  from  contamination  by  filter  paper. 


'1  Collected  Researches.  N.  P.  L..  4.  p.  163. 
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IV.  CONCLUSIONS 

In  this  first  paper  we  have  briefly  reviewed  the  work  of  preced- 
ing investigators  and  have  described  otir  own  methods  of  work. 
We  have  recorded  all  of  the  quantitative  measurements  up  to  and 
including  September  22,  1909.  This  first  series  of  experiments 
definitely  established  the  following  facts : 

1 .  That  the  filter  paper  voltameter  as  ordinarily  used,  gives  a 
relatively  large  excess  of  deposit  over  the  porous  pot  form. 

2.  That  this  excess  is  due  directly  to  the  chemical  activity  of  the 
filter  paper  and  not  to  its  failure  to  confine  the  anode  products. 

3.  That  in  using  two  or  three  thicknesses  of  the  paper  the 
effect  is  approximately  doubled  or  trebled. 

4.  That  the  deposits  from  relatively  pure  solutions  are  crystal- 
line and  not  striated,  while  deposits  from  solutions  contaminated 
with  filter  paper,  linen,  or  silk  are  noncrystalline  and  striated. 

5.  That  it  is  not  necessary  that  the  filter  paper  should  be  present 
in  the  voltameter  at  the  time  of  electrolysis  to  produce  its  effects, 
if  the  solution  has  been  previously  in  contact  with  it. 

6.  That  repeated  use  of  the  same  solution  in  the  filter  paper 
voltameter  yields  an  increasing  excess  of  deposit  owing  to  the 
increasing  contamination  of  the  electrolyte. 

7.  That  a  contaminated  solution  may  on  the  other  hand  be  ren- 
dered less  impure  by  electrolysis  in  the  absence  of  organic  material. 

8.  That  anode  solutions  saved  from  the  porous  cup  voltameters 
may  be  used  as  the  electrolyte  in  a  voltameter  without  yielding 
any  excess  of  weight  or  making  the  deposit  striated. 

9.  That  the  appearance  of  the  deposit  is  a  valuable  criterion 
of  the  purity  of  the  electrolyte. 

The  next  paper  of  this  series  will  deal  at  length  with  the  chemical 
questions  involved  in  the  filter  paper  voltameter  and  a  theory  will 
be  given  as  to  why  a  contaminated  electrolyte  yields  a  deposit 
differing  in  appearance  from  the  normal  crystalline  one.  Follow- 
ing this  will  be  given  the  second  series  of  experiments  leading  up 
to  the  work  of  the  International  Technical  Committee,  April  i , 
19 10.  This  work  was  chiefly  a  comparison  of  different  types  of 
voltameters  and  a  study  of  the  purity  of  the  electrolyte  for  which 
some  rigid  criteria  will  be  given.    Finally  the  observations  made 
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since  the  committee  adjotimed  will  be  given.  In  this  the  effect 
of  add  and  alkali  in  the  electrolyte  have  been  studied  and  a 
number  of  deposits  made  using  the  approved  types  of  volta- 
meter with  electrolytes  of  the  highest  purity  for  the  determination 
of  the  electromotive  force  of  the  Weston  normal  cell  and  the  abso- 
lute electrochemical  equivalent  of  silver. 

Washington,  August  i,  191 2. 
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L  THE  QUALITATIVE  EXPERIMENTS  WITH  THE  SILVER 

VOLTAMETER 

A,  INTRODUCnON 

The  qualitative  work  with  the  voltameter  began  early  in  July 
of  1909,  following  the  quantitative  experiments  recorded  in  Part 
I,^  and  continued  tmtil  the  middle  of  the  following  December. 
During  this  time  only  five  quantitative  experiments  were  made 
and  these  have  been  included  with  the  earlier  measurements. 
The  qualitative  experiments  consisted  in  making  silver  deposits 
under  varying  conditions  in  small  voltameters,  which  could  be 
easily  examined  under  the  microscope  or  photographed.  In  addi- 
tion to  these  we  made  some  deposits  in  the  field  of  a  microscope 
and  investigated  the  potential  relations  between  anode  and 
cathode.  After  resuming  the  quantitative  work  we  still  made  a 
few  qualitative  tests  from  time  to  time  and  have  included  them 
here.  In  Section  II  of  this  paper  some  finther  qualitative  work 
will  be  described  in  connection  with  the  chemistry  of  the  filter 
paper  voltameter. 

1.  JUSTIFICATION  OF  THB  QUAUTATIVB  METHOD 

From  the  first  experiment  in  which  we  used  the  porous  pot  we 
have  been  impressed  with  the  difference  in  appearance  between 
deposits  made  when  filter  paper  is  present  and  when  it  is  not. 
As  the  work  progressed  we  found  the  appearance  under  a  binocu- 
lar microscope  so  reliable  a  criterion  for  the  presence  of  such  im- 
ptuities  as  considerably  affect  the  weight  of  deposit  that  we  felt 
justified  in  hastening  the  work  by  making  qualitative  instead  of 
quantitative  experiments  in  order  to  test  the  effect  of  a  large 
number  of  impurities.  These  were  added  to  pure  silver  nitrate 
solution  in  the  hope  of  throwing  light  on  the  chemical  or  mechan- 
ical processes  by  which  filter  paper  and  kindred  substances  not 
only  modify  the  crystalline  structure  of  the  deposited  silver,  but 
also  appreciably  increase  its  weight. 

1  This  BuQedn,  f «  p.  isi. 
69662°— 13 5 
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Although  the  appearance  to  the  eye  of  the  deposit  may  change 
with  the  depth  of  deposit,  the  appearance  of  the  deposit  under 
the  microscope  indicates  whether  it  has  come  down  from  an  elec- 
trolyte containing  filter  paper,  or  the  products  of  filter  paper,  or 
certain  other  organic  impurities,  or  whether  it  has  come  down 
from  a  piu^e  electrol)rte  of  AgNO,  and  water  tmcontaminated  by 
such  foreign  substances.  In  the  first  case  the  deposit  is  noncrys- 
talline or  imperfectly  crystalline,  according  to  the  quantity  of  the 
impurity.  It  may  resemble  molten  metal  that  has  been  dropped 
on  a  cold  plate  and  spattered,  or  lava  having  a  rough,  irregular 
surface,  and  the  deposit  more  or  less  massed  together;  or  it  may 
be  in  needle-shaped  crystals,  or  imperfectly  crystalline  when  the 
impurity  is  slight.  The  color  may  be  grayish  when  relatively  large 
quantities  of  impurities  are  present,  or  merely  tarnished  when  very 
small  quantities  are  present.  The  pure  electrolyte  in  a  Richards 
or  Poggendorflf  voltameter  *  gives  a  beautiful  crystalline  deposit, 
the  crystals  having  well-defined  faces  and  angles,  and  looking 
much  like  glass  or  diamonds  under  the  microscope,  as  they  are 
generally  without  a  metallic  luster.  In  the  larger  cups  (with  one- 
half  ampere  for  two  hours)  the  crystals  are  well  separated,  the 
clean  platinum  surface  showing  between  the  crystals.  In  the 
smallest  cups,  where  the  quantity  of  silver  is  twice  as  much  per 
unit  of  area,  the  crystals  are  elongated,  but  otherwise  similar. 

2.  APPARATUS  BMPLOTBD 

The  results  of  most  of  the  qualitative  experiments  are  most 
easily  presented  by  showing  the  photographs  of  the  deposits 
obtained.  These  photographs  were  made  by  means  of  a  vertical 
camera  and  microscope  for  the  more  highly  magnified  (5  to  16 
times).  For  the  smaller  magnifications  an  ordinary  camera, 
with  bellows  extended,  and  a  symmetrical  lens  was  generally  used. 

Many  of  the  qualitative  runs  were  made  in  two  small  platimun 
dishes  4  cm  in  diameter  by  1.5  cm  deep,  having  approximately 
25  sq  cm  surface.  As  the  large  cups  ordinarily  used  had  seven 
times  this  area,  the  cmrent  through  the  small  voltameters  was 
made  correspondingly  small,  the  cmrent  density  and  time  remain- 
ing the  same. 

*Thac  and  other  f<ffms  of  voltameter  are  described  in  Part  I  dt  this  series  of  papers. 
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3.  STANDARD  TYPES  OF  DEPOSIT 

As  we  have  before  stated,  the  diflference  between  the  deposits 
made  in  the  Rayleigh  and  Richards  voltameters  is  very  striking 
and  is  shown  in  the  following  photographs : 

Fig.  I  shows  some  of  the  deposit  removed  from  a  normal  Ray- 
leigh voltameter  of  large  size,  havipg  one  sheet  of  filter  paper  to 
separate  the  anode  and  cathode,  while  Fig.  2  shows  five  striations 
stripped  from  the  sides  of  a  dish  in  which  the  electrolyte  had  been 
contaminated  with  an  excess  of  filter  paper.  These  are  to  be 
contrasted  with  Fig.  3,  which  is  from  a  normal  Richards  volta- 
meter, large  size,  and  Fig.  4  from  a  normal  Richards,  small  size, 
and  Fig.  5  from  a  Poggendorflf  voltameter.  Considering  these  as 
standard  types  of  deposit  we  now  turn  to  the  tests  made  in  a  qual- 
itative way  only. 

B.  FILTER  PAPER  EFFECT 

1.  ACTION  or  WATER  UPON  FILTER  PAPER 

In  the  investigation  of  the  action  of  filter  paper  on  silver  nitrate 
we  were  led  to  inquire  whether  it  was  essential  that  the  filter  paper 
should  come  in  contact  with  the  silver  nitrate  itself  or  whether  it 
was  sufficient  to  immerse  the  paper  in  water  subsequently  used 
for  making  the  AgNOj  solution.  This  was  tried  in  several  ways. 
A  15  per  cent  solution  of  AgNOg  was  prepared  from  300  cc  of 
double-distilled  water  in  which  about  6  grams  of  No.  595  S  &  S 
filter  paper  had  soaked  over  night.  The  deposit  was  strongly 
striated,  indicating  an  action  between  filter  paper  and  water.  The 
bottom  of  the  platinum  cup  with  this  deposit  is  shown  in  Fig.  6. 
The  water  used  in  this  experiment  after  being  drawn  off  from  the 
filter  paper  was  filtered  through  one  sheet  of  the  same  kind  of 
filter  paper  to  free  it  from  suspended  matter.  On  adding  the 
silver-nitrate  crystals  to  it  a  slight  bluish  tinge  was  noted.  This 
gradually  turned  to  a  reddish  brown,  suggestive  of  a  colloidal 
solution.  After  standing  some  hoiurs  this  finely  divided  substance 
coagulated  and  settled  to  the  bottom,  leaving  the  liquid  again 
clear.  This  experiment  was  repeated  several  times  with  like 
results. 
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Fig.  1. — Deposit  nmonftdfrom  a  normal  Rofttf^h  vottamttmr,    X  16 

Fig.  2. — Siriatkms  striped  from  the  sicks  cfa  voltameter  hoping  electrolyte  contaminate  with 
an  excess  of  fitter  paper,    X  16 

Fig.  3. — CrystatSne  deposit  from  Richards  voltameter,  large  siie.    X  16 

Fig.  A.-^-Oystalline  depose  from  Richards  voltameter,  small  size,    X  16 

Fig.  5. — Crystalline  dq>ositfrom  PoggetHhrff  voltameter,    X  16 

Fig.  6,^Star  in  bottom  of  bowl  due  to  contaminated  electrolyte,    X  8 

Fig.  7. — Striated  deposit  from  contaminated  electrolyte,  10  g  of  No,  590  fUtar  paper  stood  in 
300  cc  of  water  used  for  making  the  electrolyte.  For  comparison  with  Fig,  8, 
X  1,5 

Fig.  8. — Striated  deposit  made  under  same  circumstances  as  in  Fig,  7,  except  that  No,  595 
fUter  paper  was  used,  showing  that  striations  are  not  due  to  the  quality  of  ^  paper, 
Xi.5 

Fig.  9. — Deposit  from  a  solution  contamttated  wUh  tiunvughly  washed  fUtar  paper,    X  16 

Fig.  10. — Deposit  from  an  electrofyta  contaminated  with  writing  paper.    X  16 

Fig.  11. — Deposit  from  an  electrolyte  contaminated  with  blotting  paper.    X  16 

Fig.  12. — Deposit  from  an  electrolyte  contaminated  with  roi  paper,    X  16 
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2.  COMPARISON  OF  DIFFERENT  GRADES  OF  FILTER  PAPER 

It  seemed  of  interest  to  determine  whether  different  grades  of 
filter  paper  produced  sensibly  equal  effects  upon  the  deposit.  To 
test  this  point,  two  lo-g  samples  of  No.  595  S  &  S  and  No.  590 
S  &  S  were  weighed  out  and  each  put  to  soak  in  300  cc  of  double- 
distilled  water.  On  the  following  day  these  were  used  to  make  up 
two  15  per  cent  solutions  of  AgNO,  for  use  in  the  small  platinum 
dishes.  These  two  voltameters  were  run  simultaneously,  and 
except  for  the  chance  configuration  on  the  bottom  of  the  cups  the 
two  deposits  are  identical.  They  are  shown  photographically  in 
Figs.  7  and  8.  As  No.  590  filter  paper  is  a  higher  grade  than  No. 
595  it  seems  that  the  effect  is  the  same  regardless  of  the  kind  of 
paper,  provided  the  relative  amounts  of  paper  to  solution  are  the 
same,  a  fact  which  had  been  found  already  in  our  previous  quanti- 
tative work. 

3.  EFFECT  OF  WASmNO  THE  FILTER  PAPER 

Prolonged  soaking  of  filter  paper  in  cold  distilled  water  did  not 
apparently  lessen  its  power  to  react  with  water  or  silver  nitrate, 
and  thus  to  alter  the  deposit.  A  sample  of  filter  paper  which  had 
been  repeatedly  washed  during  the  preceding  12  days  was 
placed  in  distilled  water  for  some  hours  and  then  poured  off. 
This  water  was  then  used  to  make  up  a  15  per  cent  solution  of 
AgNO,.  The  deposit  from  this  was  not  strongly  striated,  but  was 
very  loose  and  not  distinctly  crystalline  as  from  an  tmcontam- 
inated  solution.     It  is  shown  in  Fig.  9. 

4.  TESTS  WITH  OTHER  KINDS  OF  PAPER 

On  trying  other  kinds  of  paper  than  filter  paper  we  again  foimd 
the  deposit  greatly  altered  although  not  always  in  the  same  way. 
Fig.  ID  shows  the  result  of  soaking  common  writing  paper  in 
silver  nitrate  solution  and  Fig.  11  the  result  of  white  blotting 
paper.  A  sample  of  all-rag  paper  with  sizing  produced  a  very 
remarkable  deposit  shown  in  Fig.  12.  The  electrolyte  for  this 
last  was  brownish  even  after  filtering,  and  the  deposit  was  laid 
down  in  rounded  heads,  with  here  and  there  a  blossom  of  crystal- 
lized silver. 
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An  examination  of  various  samples  of  filter  paper  showed  that 
they  were  made  from  linen  and  cotton  rags. 

Hence,  in  order  to  learn  which  of  these  substances,  was  pro- 
ducing the  eiBfect  on  the  silver  nitrate,  Mr.  W.  S.  Lewis,  of  this 
bureau,  kindly  prepared  for  us  three  sheets  of  tmsized  paper,  one 
made  exclusively  from  cotton  rag,  one  from  linen  rag,  and  one 
from  wood  pulp.  These  were  used  in  place  of  filter  paper  in  a 
quantitative  experiment  on  August  26,  1909.  The  weights  of 
these  papers  compared  with  the  weight  of  a  sheet  of  the  same  size 
of  No.  595  S  &  S  are  as  follows : 

TABLE  I 

Grams 

No.  595  S  &  S I.  90 

Cotton  paper i.  63 

Linen  paper > i.  04 

Wood  paper 2. 11 

The  cotton  and  linen  papers  were  thin  and  tough,  but  the  wood 
paper  was  thick  and  so  easily  torn  that  in  dismantling  the  vol- 
tameter after  the  run  the  bag  broke  and  precipitated  the  anode 
slime  down  on  the  deposit,  so  that  the  weight  could  not  be  ascer- 
tained. All  the  deposits  were  striated,  particularly  that  from  the 
wood  paper,  and  we  believe  this  deposit  would  have  been  found 
to  be  much  the  heaviest  if  it  could  have  been  weighed.  The 
heaviest  of  the  other  deposits  was  from  the  linen  paper.  This 
showed  about  30  parts  in  100  000  excess  over  the  two  standard 
Richards  voltameters  that  were  included  in  the  same  nm.  The 
deposit  from  the  cotton  paper  showed  only  17  parts  in  100  000 
excess. 

5.  BTPBCT  OF  PUfB-WOOD  SHAVm OS 

Several  experiments  with  pme-wood  shavmgs  were  made  and 
these  showed  very  great  changes  in  the  deposit  from  electrolyte 
contaminated  with  it.  When  the  wood  was  soaked  in  the  electro- 
lyte itself  we  obtained  the  deposits  shown  in  Figs.  13  and  14. 
Even  thoroughly  washed  wood  soaked  for  a  short  time  in  water 
subsequently  used  for  making  up  the  electrolyte  showed  a  marked 
effect  on  the  deposit,  as  appears  in  Fig.  15. 
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C.  ADDITION  OF  CERTAIN  OTHER  SUBSTANCES  TO  SILVER  NITRATE 

1.  Acm 

The  addition  of  acid  to  AgNOs  solutions  even  in  small  amounts 
reduces  the  size  of  the  crystals  with  consequent  increase  in  the 
number.  So  far  as  we  have  observed  the  crystalline  structure  of 
the  deposit  is  not  altered  if  the  electrolyte  does  not  contain 
organic  impurities. 

The  crystals  resulting  from  the  addition  of  0.15  per  cent  of 
nitric  acid  are  shown  (Fig.  16).  At  a  later  date  we  investigated 
the  increase  in  the  number  of  crystals  as  the  acid  was  added  in 
successive  portions.  For  this  purpose  a  small  piece  of  platinum 
ruled  in  squares  0.2  mm  on  a  side  was  used  as  cathode  in  a  pure 
15  per  cent  solution  of  AgNOg  to  which  we  added  tenth  normal 
acid  a  few  drops  at  a  time.  The  number  of  crystals  in  any  square 
were  coimted  imder  a  microscope.  For  each  observation  four 
squares  chosen  at  random  were  counted  and  averaged.  After 
being  coimted  the  deposit  was  removed  from  the  cathode,  which 
was  then  washed  and  made  ready  for  the  next  deposit.  The 
experimental  difficulties  are  very  great  because  the  siu-face  con- 
ditions of  the  platinum  exercised  so  pronoimced  an  effect  upon 
the  deposit.  We  maintained  these  conditions  as  nearly  constant 
as  possible  and  found  increasing  numbers  of  crystals  as  the  acid 
was  added.  Twenty-three  one-thousandths  per  cent  of  acid  about 
doubled  the  number  observed  from  the  same  solution  when 
neutral. 

2.  COPPER  SALTS,  SILVER  ACETATE,  ALKAU.  COLLOmAL  SILVER.  ETC. 

In  the  same  manner  as  above  we  added  small  quantities  of 
copper  nitrate,  which  increased  the  number  of  silver  crystals 
deposited.  But  the  greatest  effect  was  produced  by  silver  acetate, 
which  increased  the  nimiber  of  crystals  about  100  times  when  the 
silver  nitrate  was  saturated  with  the  acetate.  On  the  other  hand, 
the  addition  of  sodiimi  hydroxide,  colloidal  solutions  prepared  by 
Bredig's  method  and  the  extract  of  filter  paper  produced  no 
appreciable  change  in  the  number  of  crystals,  although  modifying 
their  crystalline  structiu-e.  There  is  no  apparent  connection 
between  these  effects  on  the  number  of  crystals  and  the  result- 
ing electrochemical  equivalent  from  solutions  containing  these 
substances  as  impurities.    Thus  we  know  from  our  quantitative 
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Fig.  13. — Deposit  from  an  electrofyte  amtammaUd  with  wood  fiber,    X  16 

Fig.  14. — Star  m  bottom  of  bowl  due  to  contamination  of  electrolyte  with  wood  fiber,    X  5 

Fig.  15. — Deposit  from  an  electrolyte  contaminated  with  thoroughly  washed  wood  fiber.    X  16 

Fig.  16. — Deposit  showing  the  small  crystals  resulting  from  the  addition  of  acid  to  the  electrolyte, 
X16 

Fig.  17. — Deposit  from  an  electrolyte  contaminated  with  gelatine.    X  5 

Fig.  18. — Same  more  highly  magnified.     X  16 

Fig.  19. — Striated  deposit  from  contaminated  solution  for  comparison  with  fig.  20 

Fig.  20. — Same  electrolyte  as  for  Fig.  19  filtered  through  a  porous  cup.    Striations  eb'minated 

Fig.  21. — Crystalline  deposit  showing  absence  of  effect  of  the  added  sUver  nitrite,     X  16 

Fig.  22. — Striated  deposit  due  to  dextrose 

Fig.  23. — Same  as  Fig.  22,  but  more  highly  magnified.     X  16 

Fig.  24. — Noncrystalline,  deposit  due  to  phloroglucinol,     X  16 
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experiments  that  the  presence  of  nitric  acid  causes  a  reduction 
in  deposit  made  from  very  pure  solutions  as  well  as  increasing 
the  number  of  crystals,  but  silver  acetate  gives  an  increased 
weight  of  deposit.  Sodiimi  hydroxide  and  filter  paper  extracts 
cause  large  increases  in  the  weight  of  deposit,  but  appear  to  be 
without  effect  on  the  nimiber  of  crystals. 

3.  GELATIN  B 

Gelatine  is  one  of  the  "addition  agents"  occasionally  employed 
in  electroplating  and  is  recommended  by  Betts  &  Kern '  for  pre- 
venting crystallization  of  the  deposit  in  the  lead  voltameter  which 
they  propose  as  a  means  of  measuring  cturent.  We  added  i  part 
in  2000  of  pure  soluble  gelatine  to  a  15  per  cent  solution  of  silver 
nitrate  and  electrolyzed  it  in  a  small  voltameter.  The  resulting 
deposit  looked  more  like  lead  than  silver.  The  striations  were 
very  prominent  and  from  the  bottom  feather-like  projections  over 
a  centimeter  long  grew  up  toward  the  anode.  The  deposit  to  the 
naked  eye  appeared  amorphous,  but  tmder  the  microscope  is  was 
seen  to  be  made  up  of  very  small  crystals  without  any  regular 
arrangement.  The  electrolyte  in  the  mean  time  turned  a  bright 
straw  yellow  changing  to  a  deep  red.  This  we  believe  due  to 
colloidal  silver  thrown  out  of  the  solution  as  a  result  of  the  gela- 
tine, but  this  will  be  more  fully  discussed  fiuther  on  in  this  paper. 
Samples  of  the  deposit  are  shown  in  Figs.  17  and  18. 

D.  COLLOIDAL  SOLUTIONS 

1.  MIGRATION  OF  THB  COLLOm 

By  Bredig's  method  we  prepared  a  considerable  quantity  of 
colloidal  silver.  At  first  this  was  a  neutral  color  which  slowly 
turned  greenish  imtil  at  the  end  of  almost  a  year  it  is  about  the 
color  of  olive  oil.  A  similar  solution  of  colloidal  gold  prepared 
at  the  same  time,  which  was  almost  black  at  first,  is  now  purple. 

A  U  tube  I  square  centimeter  in  cross  section  and  20  centimeters 
axial  length  was  filled  with  the  colloidal  silver  solution  and  electrodes 
of  platinum  foil  were  fixed  in  the  two  ends  of  the  tube.  With  120 
volts  a  current  of  0.00006  ampere  could  be  passed  through  it. 
Clouds  appeared  in  the  colloidal  solution  soon  after  starting  the 
current  and  a  little  gas  on  the  anode.  After  20  minutes  the  color  of 
the  solution  around  the  anode  was  paler  than  arotmd  the  cathode, 

*The  I«ead  Voltameter.  Blectridan;  M,  p.  x6. 1904. 
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but  to  make  certain  that  the  colloid  was  actually  traveling  with  the 
current  we  reversed  the  polarity  and  allowed  the  current  to  flow 
dining  the  night.  In  the  morning  the  liquid  was  clear  and  all 
the  colloid  was  hanging  loosely  on  the  cathode  while  bubbles  of  gas 
were  on  the  anode.  When  the  deposit  was  heated  it  turned  white 
like  silver,  and  this  was  dissolved  in  HNO3  ^iid  then  precipitated 
as  silver  chloride  to  establish  the  identity  of  the  deposit.  The 
important  fact  for  oiu-  present  work  is  that  the  colloid  was  carried 
with  the  current.  On  this  point  there  has  been  some  difference  of 
testimony  among  investigators.* 

We  added  a  small  amount  of  the  same  colloidal  solution  to 
some  of  the  best  1 5  per  cent  silver  nitrate  solution  and  electrolyzed 
it.  Although  there  were  no  striations  resulting,  the  crystalline 
structure  was  modified.  What  are  usually  single  crystals  in  a 
deposit  made  under  normal  conditions  were  now  aggregates  of 
many  small  crystals.  This  we  think  may  be  explained  by  sup- 
posing that  the  colloidal  particles  as  they  are  laid  down  become 
nuclei  on  which  the  silver  precipitated  from  the  electrolyte  itself, 
grows.  This  fact  also  is  important  and  will  be  taken  up  again 
in  Section  III  describing  the  formation  of  striations. 

2.  FILTSRXD  SOLUTIONS 

We  filtered  some  of  the  colloidal  solution  tlvough  a  filter  made 
from  one  of  the  porous  cups  as  used  in  the  voltameter,  employing 
a  vacuum  to  hasten  the  filtering.  The  liquid  after  passing  through 
the  filter  was  colorless  and  could  only  be  distinguished  from 
distilled  water  by  a  very  slightly  higher  conductivity.  This 
complete  elimination  of  the  colloidal  silver  suggested  the  possi- 
bility of  purifying  a  contaminated  solution  of  AgNOj  by  the  same 
process,  particularly  since  in  deposit  No.  66  we  had  placed  a 
quantity  of  filter  paper  inside  the  porous  cup  without  producing 
any  apparent  effect  on  the  silver  deposited  outside. 

To  make  a  rigid  test  we  prepared  a  solution  of  AgNO,  in  which 
filter  paper  had  been  soaked  over  night  to  insure  very  marked 
striations.  The  electrolyte  was  then  divided  into  two  equal 
portions,  one  of  which  was  filtered  through  the  porous  cup.  The 
two  portions  were  electrolyzed  in  two  small  voltameters  in  series 

«  AUgemeine  chemio  der  KoUoide.  Miiller,  p.  43, 1907. 
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and  identical  in  every  respect  except  the  electrolyte.  As  one 
would  expect,  the  unfiltered  portions  gave  very  heavy  striatums 
and  a  decided  yellowish  deposit.  The  filtered  portion,  on  the 
other  hand,  gave  a  deposit  that  was  crystalline,  entirely  free  from 
striatums,  and  white.    These  are  shown  in  Figs.  19  and  20. 

Because  of  the  importance  of  this  point  we  made  a  further  test 
as  follows:  A  strip  of  platinum  serving  as  a  cathode  was  placed 
inside  a  porous  cup  partly  filled  with  piu-e  silver  nitrate.  Outside 
the  porous  cup  was  a  badly  contaminated  solution  and  anode 
contained  in  a  beaker.  In  order  that  the  diffusion  through  the 
pot  should  be  with  the  current — that  is,  from  the  impure  solution 
into  the  pure  electrolyte — ^the  liquid  was  made  to  stand  about  i 
centimeter  higher  outside  than  inside  the  porous  pot.  At  the 
end  of  one  hour  the  deposit  was  examined  under  a  microscope 
and  foimd  to  be  good,  without  any  suggestion  of  filter  paper 
contamination.  To  make  the  experiment  complete  we  then  put 
the  pure  solution  outside  the  porous  cup  and  the  impure  electro- 
lyte inside  under  the  same  conditions  as  before  and  obtained  a 
deposit  characteristic  of  filter  paper.  Because  of  these  experi- 
ments we  believe  the  porous  cup  a  very  efficient  separator  between 
anode  and  cathode  without  introducing  considerable  resistance 
or  other  difficulties.  As  we  have  used  the  Richards  voltameter 
we  find  its  resistance  about  2  ohms.  We  have  found  the  resistance 
of  the  small  Richards  voltameter  to  be  from  1.7  to  2.0  ohms, 
while  a  voltameter  of  the  same  size  but  without  the  porous  cup 
showed  1.2  ohms.  The  resistance  of  the  large  size  Richards 
voltameter  as  used  in  our  early  work  with  a  large  anode  is  0.8 
ohm  as  compared  with  0.34  ohm  for  the  same  without  the  porous 
cup.  In  our  later  work  we  have  used  small  anodes  in  the  large 
dishes  and  find  the  resistance  about  1.7  ohms  with  the  porous 
pot.    All  the  values  given  are  for  1 5  per  cent  silver  nitrate  solution. 

£.  EFFECT  OF  OZTGEN  AND  HYDROGEN  IN  THE  PLATINUM  CATHODE 

One  further  qualitative  experiment  remains  to  be  discussed, 
and  that  is  an  investigation  on  the  effect  of  gases  in  the  platintun 
cathode.  A  part  of  a  strip  of  platintun  was  oxygenized  by  electro- 
lysis in  dilute  stilphuric  acid,  and  then  another  part  of  it  was 
hydrogenized  by  the  same  method.    When  the  whole  was  im- 
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mersed  in  silver  nitrate  and  a  deposit  of  silver  made  on  it  we 
found  a  large  number  of  small  crystals  where  the  hydrogen  had 
been  applied  and  a  small  number  of  large  crystals  where  the  oxygen 
had  been  applied  to  the  cathode.  We  also  arrived  at  the  same 
result  dining  the  course  of  some  single  potential  measurements. 
The  significance  of  this  result  will  appear  more  fully  in  connec- 
tion with  the  discussion  of  the  cause  of  striations. 

n.  CHEMISTRT  OF  THE  FILTER  PAPER  VOLTAMETER 

A.  ASSUMED  IHACTIVITT  OF  FILTER  PAPER  IH  THE  VOLTAMETER 

1.  mSTORICAL 

It  is  evident  from  the  long-continued  use  of  filter  paper  in  the 
silver  voltameter  that  investigators  generally  have  assumed  that 
filter  paper  is  without  appreciable  chemical  action  upon  silver 
nitrate  solutions,  or  at  least  that  the  effect  of  any  such  action  is 
negligible  in  the  silver  voltameter.  This  asstunption  seems  quite 
natural  when  one  reflects  that  filter  paper  is  composed  of  very 
pure  cellulose,  a  substance  which  possesses  an  extraordinary  de- 
gree of  resistance  to  the  action  of  most  chemical  reagents. 

Filter  paper  is  first  specifically  mentioned  as  a  septmn  in  the 
silver  voltameter  in  the  classical  work  of  Lord  Rayleigh  and  Mrs. 
Sidgwick  in  1884.'  Since  that  time  it  has  been  quite  generally 
used  by  numerous  investigators.* 

T.  W.  Richards  and  his  co-workers  in  1899  discarded  filter  paper 
as  a  septtmi  and  substituted  a  porous  pot  in  its  place.  So  far  as 
they  state,  this  substitution  was  not  made  because  of  any  sup- 
posed chemical  action  of  the  filter  paper  upon  the  electrolyte,  but 
because  they  desired  a  septum  which  would  more  effectually 
prevent  certain  anomalous  products,  which  they  supposed  were 
formed  at  the  anode,  from  reaching  the  cathode.  Indeed,  in  one 
experiment,  to  show  the  "gain  in  weight  of  silver  in  contact  with 
anode  solution"  they  wrapped  the  anode  of  the  voltameter  from 

*P.  Kohlrausch  (1873)  merely  states  that  he  wrai>ped  the  anode  in  thin  material  ("zeu<"),  which 
probably  refers  to  a  textile  material. 
*  Kahle;  Lcduc;  Roger  and  Watson;  Smith,  Mather,  and  Lowry;  Laporte;  and  others. 
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which  the  anode  solution  was  obtained  with  filter  paper  "to 
retain  the  fine  crystal  powder  which  always  separates  from  it." 
It  is  evident  from  this  that  they  did  not  suspect  any  chemical 
action  of  the  filter  paper  upon  the  electrolyte  which  might  aflfect 
the  result  of  these  tests. 

Mylius,^  at  the  Physikalisch-Technische  Reichsanstalt,  stated 
in  1902  that  filter  paper  reacts  on  silver  nitrate  and  that  this 
might  be  a  source  of  error.  Guthe*  (1904)  states  that  for  this 
reason  he  avoided  the  use  of  filter  paper  in  the  preparation  of  his 
solutions  of  silver  nitrate.  Carhart,  Willard,  and  Henderson 
(i9o6)*  observed  that  some  kinds  of  filter  paper,  at  any  rate,  gave 
the  deposited  silver  a  faint  yellowish  tinge  and  attributed  this  to 
impurities  in  the  paper.  "We  raise  the  question,"  they  add, 
*'  whether  the  effect  of  the  filter  paper  itself  on  the  amount  of  the 
deposit  has  been  sufl&ciently  investigated." 

Smith,  Mather,  and  Lowry  (1907)**  in  their  elaborate  investi- 
gation observed  an  increase  of  weight  of  the  deposit  when  the 
silver  nitrate  was  filtered  hot  through  filter  paper,  and  also  when 
a  large  quantity  of  filter  paper  was  used  in  the  voltameter.  They 
noted  further  that  the  deposit  in  such  cases  was  striated,  whereas 
under  normal  conditions  it  was  not.  However,  they  believed  that 
as  ordinarily  used  the  effect  of  filter  paper  in  the  voltameter  was 
negligible  and  used  it  throughout  their  own  work. 

Since  the  higher  grades  of  "  ash  free  "  filter  paper  consist  of  the 
purest  known  form  of  cellulose,  the  question  of  chemical  reaction 
between  filter  paper  and  the  electrolyte  resolves  itself  into  one 
which  has  to  do  mainly  with  the  chemical  action  of  water  or  of 
an  aqueous  solution  of  silver  nitrate  upon  cellulose. 

A  very  brief  summary  of  the  current  views  regarding  the  con- 
stitution and  chemical  properties  of  cellulose  is  perhaps  not  inap- 
propriate at  this  point.  These  views  furnished  a  working  hypothe- 
sis in  our  efforts  to  discover  what  possible  reactions  might  take 

'  Zs.  f.  Instric,  St,  p.  X55. 

*  This  Bolkfiii,  1.  p.  ax,  1904:  Phys.  Rer..  19.  p.  xjS* 

*  Tms.  Amer.  Blec.  Oi.  Soc,  9.  p.  375. 

*  PhiL  Tms.,  907,  p.  545;  X908. 
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place  between  filter  paper  and  silver  nitrate  solutions,  and  fur- 
thermore they  probably  account  for  the  assumption  that  filter 
paper  must  be  inert  in  the  voltameter.  No  attempt  will  be  made 
to  give  a  thorough  or  critical  discussion  of  these  views,  but  merely 
an  outline  of  the  more  salient  points  of  the  generally  current  the- 
ory of  the  chemical  constitution  of  cellulose  will  be  presented. 

2.  OUTLOIB  OF  THB  CHSMIGAL  CONSTITUTION  AND  PROPBRTXBS  OF  CBLLULOSS 

Cellulose  is  generally  regarded  as  a  polyose  of  very  high  molecu- 
lar weight,"  i.  e.,  its  molecule  is  composed  of  a  very  large  number 
of  molecules  of  a  monose  or  simple  sugar  (dextrose  in  the  case  of 
cellulose  from  cotton,  etc.)  combined  with  each  other  (with  the 
elimination  of  water) ,  so  that  its  formula  may  be  represented  thus: 

n(C,H„OJ-(n-i)(H.O) 

or,  with  close  approximation  by  the  simpler  formula  (CgHioOJn, 
since  n  is  a  very  large  number  of  tmknown  magnitude  and  n  —  i 
differs  from  n  therefore  by  an  inappreciable  amoimt."  In  this 
sense  cellulose  may  be  r^arded  as  an  anhydride  of  dextrose. 
This  view  is  based  mainly  on  the  percentage  composition  of  cellu- 
lose and  the  fact  that  dextrose  is  formed  by  the  hydrolysis  of  cel- 
lulose, thus: 

(CH^oOJu  -f  nH,0  =  n(C.H„0.) 
cellulose  dextrose 

The  reaction  expressed  in  the  above  equation  takes  place  in 
successive  steps  by  the  gradual  interaction  of  water  (hydration 
and  hydrolysis)  and  cellulose  under  the  influence  of  certain  hy- 
drolyzing  or  hydrating  agents. 

The  complete  hydrolysis  to  dextrose  is  difficult  to  attain,  re- 
quiring a  quite  drastic  chemical  treatment  of  the  cellulose.  The 
successive  steps  by  which  this  reaction  takes  place  (due  to  the 
increasing  amounts  of  water  which  combine  with  the  cellulose) 
give  rise  to  intermediate  cellulose- water  compounds  with  elemen- 
tary percentage  compositions  varying  between  that  of  cellulose 
on  the  one  hand  and  of  dextrose  on  the  other.    When  the  atnotmt 

"  HoUeman:  Text  Book  of  Organic  Cbanistry.  1909,  p.  387. 

^  Since  the  atoms  of  the  first  molecule  of  water  are  split  off  from  two  molecules  of  the  monose  (or  conden- 
sation products),  the  total  number  of  molecules  of  water  thus  split  off  must  be  one  less  than  the  total  number 
of  dcactrose  molecules. 
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of  water  which  enters  into  the  reaction  is  relatively  small,  so  that 
the  percentage  composition  differs  only  slightly  from  that  of  cel- 
lulose itself,  the  cellulose-water  compounds  are  generally  referred 
to  as  cellulose  hydrates,  and  the  process  is  generally  termed  hydra- 
tion. On  the  other  hand,  when  the  amoimt  of  water  entering  into 
the  reaction  is  relatively  large,  so  that  the  percentage  composition 
is  quite  appreciably  different  from  that  of  cellulose,  the  process  is 
generally  referred  to  as  hydrolysis,  a  decomposition  of  the  cellu- 
lose into  products  of  lower  molecular  weight  in  this  case  being 
assiuned.  However,  in  the  literatiu'e  on  cellulose  the  terms  hy*- 
drolysis  and  hydration  have  often  been  used  interchangeably,  not- 
withstanding the  well-known  distinction  between  these  terms  as 
ordinarily  used  with  reference  to  the  reaction  of  substances  with 
water. 

The  following  general  facts  are  of  fundamental  importance  in 
this  connection:- 

The  extent  of  the  hydration  or  hydrolysis  of  celltUose  depends 
upon  the' intensity  of  the  hydrating  or  hydrolytic  treatment  used}^ 
The  drastic  hydrolyzing  agents,  such  as  strong  acids  at  high  tem- 
peratures, give  rise  to  products  which  approach  more  or  less 
closely  to  dextrose  in  percentage  composition  and  molecular 
weight,  while  weaker  hydrating  agents  produce  cellulose  hydrates 
differing  only  slightly  in  percentage  composition  from  cellulose 
itself. 

The  chemical  reactivity  in  general  of  the  prodiACts  of  hydration  or 
hydrolysis  is  directly  dependent  upon  the  extent  of  their  hydration 
or  hydrolysis}^ 

The  members  nearest  cellulose  in  percentage  composition  differ 
only  very  slightly  in  their  properties  from  cellulose  itself — chiefly 
in  their  greater  capacity  for  holding  hygroscopic  moisture.  As 
the  degree  of  hydration  or  hydrolysis  increases,  however,  the 
products  become  gradually  more  reactive,  as  exhibited  by  their 
behavior  toward  special  solvents,  the  greater  ease  with  which 
they  form  esters,  etc.,  and  in  the  lower  members  of  the  series  (i.  e., 
those  nearest  dextrose  in  percentage  composition  and  molecular 
weight)   by  the  gradual  increase  in  their  reducing  properties. 

^Celhikuc.  Cross  and  Bevan,  T/mgmans  &  Co..  1903.  p.  5  et  seq.;  ibid.  pp.  ao-az. 
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This  gradual  development  of  reducing  properties  in  the  lower 
members  of  the  series  finds  its  explanation  in  the  manner  in 
which  dextrose  molecules  are  supposed  to  be  linked  together  in 
cellulose  or  hydrated  cellulose.  According  to  this  view  the 
linking  together  of  the  dextrose  molecules  is  accomplished  through 
.  the  meditun  of  the  CO  group,  to  which  the  strongly  reducing 
character  of  dextrose  is  ascribed.  The  exact  mechanism  of  this 
linking  need  not  be  discussed  here.  It  should  be  said,  however, 
that  in  the  combination  (or  condensation)  of  the  dextrose  mole- 
cules the  CO  groups  are  destroyed  as  such  through  their  interaction 
with  hydroxyl  groups,  water  being  eliminated  in  the  process. 
Consequently,  the  molecules  formed  by  this  condensation  are 
devoid  of  reducing  properties,  provided,  of  coiuse,  all  the  CO 
groups  of  the  dextrose  molecules  have  thus  entered  into  reaction. 

In  the  hydrolysis  of  the  lower  members  of  the  cellulose-water 
compounds,  these  CO  groups  are  successively  liberated,  giving 
rise  to  the  gradual  increase  in  the  reducing  properties  of  the 
products. 

It  should  be  borne  in  mind,  however,  that  it  is  only  in  the 
comparatively  recent  work  upon  cellulose  that  it  has  been  recog- 
nized that  even  these  more  completely  hydrolyzed  cellulose- 
water  compotmds  possess  reducing  properties  characteristic  of 
the  CO  group." 

In  the  formation  of  cellulose-water  compounds  containing 
relatively  less  amotmts  of  combined  water  than  those  just  dis- 
cussed, the  addition  of  water  does  not  bring  about  decomposition 
in  the  sense  that  CO  groups  are  Uberated.  In  such  cases,  if  actual 
hydrolysis  has  occurred  the  inference  is  that  the  linking  together 
of  the  proximate  constituents  of  the  molecule  has  taken  place 
between  hydroxyl  groups  only,  so  that  no  CO  groups  are  in- 
volved, and  consequently  these  are  not  liberated  by  the  hydrolysis. 

The  less  completely  hydrolyzed  products  and  of  coiuse  the 
merely  hydrated  celluloses  are  quite  generally  regarded  as  non- 
reducing  carbohydrates,  i.  e.,  they  show  no  reduction  of  Fehling's 
^lution  nor  any  other  reactions  indicating  the  presence  of  free 
CO  groups.  Indeed,  as  we  have  already  stated,  the  hydrated 
celluloses  at  least  are  said  to  differ  from  cellulose  itself  only  in 

i«See.  for  cnmple.  Vignoo.  C  R..  UM^  p.  1355  (189S). 
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respect  to  what  are  considered  to  be  their  less  essential  chemical 
properties,  such,  for  example,  as  their  varying  resistance  to 
hydrolysis,  esterification,  or  solution  in  certain  special  solvents. 
In  general  their  very  close  resemblance  to  cellulose  is  shown  by 
their  negative  or  nonreactive  characteristics. 

Quite  separate  from  all  questions  of  constitution,  the  one  gen- 
eralization most  emphasized  regarding  the  chemical  nature  of 
cellulose  is  its  great  resistance  toward  the  action  of  the  most 
various  chemical  reagents.  It  is  quite  frequently  pointed  out 
that  this  nonreactive  character  is  in  fact  a  necessary  consequence 
of  its  method  of  isolation  from  the  woody  tissue  of  plants,  inas- 
much as  cellulose  is  simply  the  insoluble  residue  left  after  various 
drastic  treatments  of  the  raw  material  have  removed  the  more 
reactive  impurities  with  which  it  is  associated. 

■ 

3.  SOME  CHXiaCAL  PROPBRTIBS  OF  SILVBR  HITRATB  SOLUTIONS 

Remembering  what  has  just  been  said  r^arding  the  chemical 
nature  of  cellulose,  it  becomes  apparent  why  one  would  not  expect 
a  solution  of  silver  nitrate,  when  pure,  to  react  upon  cellulose  to 
an  appreciable  extent.  A  solution  of  pure  silver  nitrate,  even 
if  slightly  acid  from  its  own  hydrolysis,  should  possess  only  ex- 
ceedingly weak  hydrolyzing  power  upon  cellulose,  and  one  would 
not  expect  it  to  have  any  action  at  all  upon  cellulose  in  the  sense 
of  the  production  of  substances  having  free  CO  groups,  and  there- 
fore possessing  strong  reducing  properties.  So  far  as  hydrolytic 
action  is  concerned,  therefore,  one  would  expect  at  most  merely 
the  formation  of  slightly  hydrated  modifications  of  cellulose, 
which,  while  being  somewhat  more  soluble  -than  cellulose  itself, 
would  otherwise  diflFer  only  inappreciably  from  the  latter  in  all 
their  more  essential  chemical  properties. 

Furthermore,  neutral  or  acid  solutions  of  silver  nitrate  are  only 
very  slightly  reduced  even  by  carbohydrates  containing  free  CO 
groups.  It  is  for  this  reason  that  in  the  weU-known  silver-mirror 
test  for  aldehydes  (or  for  the  free  CO  group  in  general)  only 
strongly  alkaline  anunoniacal  silver  solutions  are  employed.  On  the 
other  hand,  polyoses,  such  as  cane  sugar,  which  do  not  contain  this 
group,  do  not  show  the  characteristic  reduction  of  even  the  strongly 
alkaline  anunoniacal  silver  solutions  if  the  conditions  are  regu- 
lated so  as  to  avoid  hydrolysis  of  the  carbohydrate.     Since  both 

69662** — 13 — 6 
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cellulose  and  its  hydrated  modifications  are  regarded  as  belonging 
to  this  latter  class  of  polyoses,  which  contain  no  free  CO  groups, 
one  would  not  expect  them,  when  pure,  to  reduce  to  any  appreci- 
able extent  even  these  strongly  alkaline  solutions  of  silver  nitrate, 
much  less  that  they  could  reduce  neutral  or  slightly  acid  solutions 
of  silver  nitrate,  which  are  much  more  stable  toward  reducing 
agents  than  are  alkaline  solutions. 

B.  EFFECT  OF  OROAmC  MATERIAL  IN  THE  VOLTAMETER 

L  DARKSmNO  OF  SILVER  IfTTRATB  BT  ACTION  OF  ORGAinC  MATERIAL 

The  statement  is  frequently  made  that  silver  nitrate  becomes 
darkened  by  the  action  of  ** organic  substances"  imder  ordinary 
conditions  in  the  light,  the  inference  of  course  being  that  silver 
nitrate  is  reduced  to  finely  divided  metallic  silver,  to  which  the 
dark  color  is  due.  This  should  not  be  taken  to  mean  that  all 
organic  material  of  whatever  nature  can  reduce  silver  nitrate  to 
metallic  silver  imder  ordinary  conditions. 

So  far  as  we  are  aware  no  instance  has  been  described  where  a 
reduction  of  pure  silver  nitrate  to  metallic  silver  is  brought  about 
by  the  action  of  organic  substances  which  are  not  themselves 
reducing  agents  and  which  are  incapable  of  hydrolytic  decompo- 
sition into  strong  reducing  agents  of  some  kind.**  It  seemed  safe 
to  infer  therefore  that  in  most  cases  where  ** organic  substances" 
are  mentioned  in  this  connection  some  kind  of  paper  or  other  tex- 
tile material  is  probably  meant.  In  fact,  we  were  imable  to 
detect  any  darkening  either  of  solutions  of  pure  silver  nitrate  or 
of  the  dry  crystals  when  allowed  to  remain  in  contact  with  paraffin 
for  several  days,  whereas  with  paper  or  silk  the  darkening  always 
occurred.  In  accord  with  this  fact  it  was  foimd  that  neither  par- 
affin nor  the  lighter  hydrocarbon  oils  such  as  hexane  and  heptane 
had  any  eflfect  upon  the  appearance  of  the  silver  deposit  when 
these  substances  were  added  to  the  electrolyte. 

We  therefore  believed  almost  from  the  first  that  notwithstanding 
the  resistant  nature  of  cellulose  hydrolytic  decomposition  prob- 
ably took  place  to  a  very  slight  extent  when  silver  nitrate  was 

u  This  statement  refers  to  the  influence  of  the  organic  material  itself  and  not  to  the  action  of  light  alone. 
Later  it  will  be  shown  that  a  solution  of  imre  silver  nitrate  free  from  all  organic  impurities  is  not  appreciably 
scduoed  even  by  the  prolonged  action  of  light. 
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brought  in  contact  with  filter  paper  or  similar  organic  material  and 
that  the  products  thus  formed  gave  rise  to  the  formation  of  striae. 
The  excess  weight  of  the  silver  deposit  might  be  due  to  silver 
thrown  down  by  purely  chemical  action.  We  therefore  added  a 
number  of  organic  substances  to  the  electrol3rte  to  see  whether 
our  supposition  were  true  that  any  hydrolyzable  organic  material 
of  the  nature  of  cellulose  could  produce  the  abnormal,  striated 
deposits  of  the  same  character  as  those  which  are  obtained  with 
filter  paper.  The  results  previously  obtained  with  various  kinds 
of  paper,  wood  fiber,  linen,  etc.,  had  seemed  to  support  this  view. 
(See  p.  216.) 

2.  BFFBCT  OF  CANS  SUGAR  AND  STARCH  IN  THB  VOLTAMBTBR 

Among  the  first  examples  of  hydrolyzable  organic  material  whose 
eflFects  in  the  voltameter  were  tried  were  cane  sugar  and  starch. 
They  were  selected  because  of  their  very  close  chemical  relation- 
ship to  cellulose.  We  were  siuprised,  however,  to  find  that  neither 
of  these  substances  when  added  to  the  electrolyte  produced  any 
indications  of  the  formation  of  striated  deposits  when  the  solu- 
tions were  electrolyzed  in  the  voltameter  in  the  usual  manner. 
The  solutions  electrolyzed  contained  approximately  i  per  cent  of 
each  of  these  substances.  The  starch  used  was  Kahlbaum's  corn- 
starch. The  cane  sugjir  was  prepared  by  Mr.  R.  F.  Jackson,  of 
this  bureau,  for  us^  as  a  standard  in  saccharimetry,  and  was  very 
pure.  There  was  no  darkening  of  the  electrolyte  after  standing 
24  hours,  such  as  is  observed  if  filter-paper  extract  is  present  in 
the  electrolyte. 

These  results  showed  that  the  disturbances  which  give  rise  to 
the  abnormally  heavy,  striated  deposits  are  not  due  to  the  action 
of  organic  material  as  such,  nor  even  to  such  organic  material  as 
is  easily  hydrolyzed,  but  depend  in  some  way  upon  the  specific 
nature  of  the  organic  material  used.  It  was  clear  that  filter  paper 
is  more  reactive  under  the  conditions  present  in  the  voltameter 
than  either  cane  sugar  or  starch.  This  fact  is  quite  out  of  har- 
mony with  the  current  views  regarding  the  relative  reactivities 
of  these  substances  and  suggested  the  possibility  that  the  activity 
of  the  filter  paper  might  possibly  be  due  to  the  presence  in  it  of 
impurities  of  a  more  reactive  nature  than  cellulose. 
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C.  IMPURITIBS  IS  FILTSR  PAPSR 

1.  OROAHIC  IMFDSinXS 

The  very  pronounced  effects  produced  by  raw  woody  fibers 
(described  on  p.  216)  led  us  to  suspect  that  if,  as  suggested  above, 
imptuities  in  the  filter  paper  were  producing  the  disttu-bing 
effects  they  might  be  resins,  pectocelluloses,  glucocides,  or  similar 
orgaxiic  imptuities  which  are  closely  associated  with  cellulose  in 
plant  tissue  and  which  are  very  difficult  to  separate  completely 
from  the  pure  ceUulose.  These  impurities  are  much  more  re- 
active  than  celltdose  itself  and  some  of  them  are  very  easily  de- 
composed by  hydrolysis  or  decay  into  strong  reducing  agents, 
such  as  dextrose,  phenols,  or  similar  substances.**  That  they 
are,  however,  not  the  cause  of  these  disturbances  is  shown  by 
experiments  described  below  (p.  231). 

2.  IN  ORGAinC  IMFURITIBS 

It  is  well  known  that  even  the  purest  forms  of  ash-free  filter 
paper  contain  small  amotmts  of  inorganic  salts.  It  appeared 
possible  that  these  could  precipitate  insoluble  silver  salts  which 
in  some  manner  might  produce  the  disturbing  effects  in  the  volta- 
meter. Smith  and  Lowry,  indeed,  came  to  the  conclusion  that 
insoluble  silver  salts  were  responsible  for  the  high  values  for  the 
electrochemical  equivalent  obtained  with  used  solutions  of  silver 
nitrate.  They,  however,  considered  that  these  imptuities  resulted 
chiefly  from  the  action  of  contaminations  in  the  atmosphere, 
such  as  hydrochloric  acid  and  hydrogen  sulphide,  rather  than 
from  the  filter  paper.  They  pointed  out  that  many  of  the  so- 
called  insoluble  silver  salts  are  soluble  to  an  appreciable  extent 
in  relatively  concentrated  silver  nitrate  solutions,  from  which 
they  are  precipitated  upon  dilution,  and  emphasized  the  fact 
that  the  conditions  at  the  cathode  favor  such  a  precipitation, 
owing  to  the  thin  film  of  dilute  solution  of  silver  nitrate  which 
is  formed  there  by  the  deposition  of  silver.  For  example,  they 
obtained  high  values  for  the  electrochemical  equivalent  by  adding 
silver  chloride  or  silver  sulphide  to  the  electrolyte.     In  one  case, 

itTttmin  yidds  the  triozybcnzoic  add,  gallic  acid,  and  ghioose.  Cooiferiii  yields  dcKtrose  and  cooiferyl 
akohol.  wbidi  latter  b  a  phenol  derivative.  The  mete  decay  of  proCoplaim  yields  paracresol.  which  is  a 
very  strong  trrinring  agent. 
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namely,  with  silver  hyponitrite,  they  actually  obtained  a  deposit 
which  was  strongly  striated,  a  result  which  they  attributed  to 
the  hyponitrite,  although  filter  paper  was  used  in  preparing  this 
salt.  They  proposed  a  theory  of  the  formation  of  striae  based 
upon  these  observations. 

That  the  effects  of  filter  paper  in  question  can  not  be  due  to 
these  inorganic  impurities  is  shown  by  the  experiments  described 
in  the  following  section. 

3.  SOLUBLB  IMPUUITIKS 

In  harmony  with  the  i  dea  that  striae  are  caused  by  impurities 
of  some  kind  it  had  been  foimd  early  in  our  work  that  aqueous 
extracts  of  filter  paper  were  quite  as  effective  in  producing  striated 
deposits  as  the  sheets  of  filter  paper  themselves. 

To  test  the  whole  matter  as  to  the  effect  of  impurities,  whether 
organic  or  inorganic,  therefore,  it  was  only  necessary  to  extract 
these  impurities  as  completely  as  possible  and  then  test  the  in- 
fluence of  both  the  extracted  filter  paper  and  the  extract  itself 
in  the  voltameter. 

The  extraction  was  carried  out  in  a  Soxhlet  apparatus  made 
entirely  of  resistent  glass  to  avoid  possible  contamination  from 
cork  or  rubber  stoppers.  The  experhnent  continued  for  six  hours 
and  the  heating  was  regulated  so  that  a  complete  extraction  took 
place  about  every  half  hour.  Thus  the  filter  paper  was  extracted 
about  12  times  with  freshly  distilled  water.  This  thoroughly 
extracted  filter  paper  was  allowed  to  remain  in  the  extraction 
apparatus  until  comparatively  dry,  being  protected  from  possible 
contact  with  acid  or  ammonia  fiunes  of  the  laboratory  by  means 
of  guard  tubes  of  soda  lime  and  concentrated  stdphuric  acid  con- 
nected to  the  upper  outlet  of  the  condenser  tube.  The  boiling 
flask  containing  the  extract  had  previously  been  removed  and 
the  lower  opening  of  the  condenser  and  the  siphon  closed  by 
means  of  rubber  stoppers. 

The  dry,  extracted  filter  paper  was  then  removed  and  tested 
as  to  its  "activity**  in  the  voltameter  in  the  usual  manner  by 
noting  whether  it  produced  a  striated  deposit.  Contrary  to  ex- 
pectations, it  was  foimd  that  if  there  were  any  differences  at  all, 
the  extracted  filter  paper  was  even  more  active  than  that  which 


232  Bulletin  of  the  Bureau  of  Standards  ivoi.  9 

had  not  been  treated.  Moreover,  the  active  soluble  substance 
evidently  acctunulated  in  the  water  as  the  extraction  continued. 
The  extract  was  distinctly  straw  colored  and  was  very  much 
more  active  in  producing  stride  when  added  to  the  electrolyte 
than  the  extract  obtained  by  a  single  treatment  or  merely  a  few 
such  treatments  with  water.*^ 

It  was  later  fotmd  that  immediately  after  such  an  extraction 
filter  paper  is  comparatively  inactive,  indicating  that  on  standing 
a  spontaneous  change  of  some  kind  takes  place  which  results  in 
the  paper  becoming  active  again.  The  nature  of  this  change  will 
be  discussed  later.*' 

D.  PRODUCTION  OF  ABNORMAL  DEPOSITS  BY  ADDmON  OF  CBRTAIN 

IMPURITIES 

1.  GBlfBRAL  STATSliSlfT— HISTORICAL 

Having  determined  that  the  effects  of  filter  paper  in  question 
were  not  due  to  the  fact  that  it  is  of  an  organic  nature  merely,  nor 
to  the  influence  of  imptuities  (organic  or  inorganic)  contained  in 
the  filter  paper,  it  became  of  importance  next  to  investigate  cer- 
tain other  explanations  of  the  influence  of  filter  paper  which  the 
experiments  of  previous  investigators  had  led  us  to  postulate. 

In  investigating  the  nattu-e  of  the  changes  occurring  in  the 
electrolyte  at  the  anode,  Richards  and  Heimrod  *•  state  that  they 
obtained  reactions  showing  the  presence,  among  other  products, 
of  silver  nitrite.  They  therefore  tried  the  effect  of  adding  silver 
nitrite  to  the  voltameter  and  concluded  from  these  results  that 
when  perpared  from  potassium  nitrite  and  sUver  nitrate  this  salt 
had  the  effect  of  increasing  the  mass  of  the  electro-deposited 
silver  by  between  30  and  80  parts  in  100  000.  They  do  not  state 
whether  the  deposit  was  striated,  but  from  our  own  experience  it 
seemed  probable  that  it  must  have  been.    Obviously,  filter  paper 

"  Our  experience  with  flass  vesseb  precludes  the  ponihility  that  the  proooimccd  effects  in  this  case  could 
have  been  due  to  the  solution  U  a  portion  of  the  glass. 

u  When  raw  unwashed  silk  is  extracted  in  like  manner  the  extract,  when  added  to  the  voltameter, 
tMings  about  the  formation  of  heavy  striated  deposits,  but  the  extracted  silk,  even  when  allowed  to  stand, 
does  not  become  active  again  in  the  sense  that  it  produces  heavy  deposits.  If  used  again  it  affects  the 
results  in  the  opposite  sense,  i.  e..  the  deposits  are  made  lighter.  With  repeated  use  of  the  sanM  silk  this 
effect  persists,  and  is  accompanied  by  an  increase  in  the  acidity  of  the  electrolyte.  This  effect  also  will  be 
dlyimsfd  more  fully. 

*  Proc.  Amer.  Acad.,  t?,  p.  4m. 
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might  reduce  sUver  nitrate  to  nitrite,  and  thus  explain  the  fact 
(which  we  had  foimd)  that  the  abnormalities  are  due  to  the  filter 
paper  itself,  and  not  to  the  anode  electrolyte.  Smith  and  Lowry 
(loc.  cit.) ,  however,  had  repeated  these  tests,  using  their  form  of 
the  filter  paper  voltameter,  and  had  come  to  the  conclusion  that 
the  nitrite  cotdd  have  no  appreciable  influence.  We  obtained 
the  same  result  with  silver  nitrite  prepared  from  potassium  mtrite 
(see  Fig.  21).  Continuing  further  in  this  direction  they  also  tried 
the  effect  of  adding  silver  hyponitrite  to  the  electrolyte.  They 
found  that  when  a  20  per  cent  silver  nitrate  solution  was  saturated 
with  silver  hyponitrite  (prepared  from  freshly  formed  potassium 
hyponitrite  made  by  reducing  the  nitrite  with  sodium  amalgam) 
the  deposit  of  silver  was  abnormally  heavy  and  very  strongly 
striated.  This  observation  led  them  to  suggest  that  the  disturbing 
effects  of  filter  paper  (which  they  had  observed  only  when  lairge 
amotmts  were  used)  might  be  due  to  the  formation  of  silver 
hyponitrite  by  the  reducing  action  of  the  filter  paper.  They 
made  no  tests  for  the  presence  of  hyponitrite  in  any  of  these  cases, 
and  in  this  connection  make  the  following  statement :  "  We  do  not 
wish  to  commit  oiurselves  to  the  view  that  hyponitrite  is  the  only 
or  even  the  main  source  of  the  disturbances  which  have  been 
noticed  by  om^elves  and  others.*'  They  proposed  it  merely  as  a 
suggestion.  Nevertheless  this  explanation  appeared  worthy  of 
further  investigation,  especially  since  it  was  the  only  instance  of 
which  we  were  aware  where  it  had  been  claimed  that  the  addition 
of  a  single  definite  chemical  compoimd  to  the  electrolyte  produced 
the  peculiar  striated  appearance  of  the  deposit,  although  there  was 
some  imcertainty  even  in  this  case  as  to  whether  the  use  of  filter 
paper  in  preparing  the  hyponitrite  had  not  vitiated  their  results. 
It  was  of  course  difficult  to  see,  on  the  basis  of  this  explanation, 
just  why  other  kinds  of  organic  material,  especially  cane  sugar  and 
starch,  which  are  so  closely  related  to  cellulose,  do  not  produce  the 
effects  in  question.  It  seemed  possible,  of  course,  that  hyponitrite 
might  be  formed  by  the  reducing  action  of  pure  cellulose  and  not 
by  starch  or  cane  sugar;  the  effects  could  then  be  attributed  to 
some  peculiar  property  of  hyponitrite  not  possessed  by  the  reduc- 
tion products  formed  in  the  case  of  cane  sugar  or  starch.     But 
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just  why  the  products  should  differ  so  sharply  in  the  two  cases, 
where  the  chemical  relationships  of  the  reducing  substances  are 
known  to  be  so  close,  was  of  course  very  diflBcult  even  to  surmise. 
It  was  decided,  however,  to  repeat  these  experiments  of  Smith 
and  Lowry  in  the  hope  that  some  additional  information  might  be 
obtained  which  would  lead  to  a  more  definite  and  satisfactory 
explanation  of  the  peculiar  effects  of  filter  paper. 

2.  EFFECT  OF  SILVER  HYPONTTIUTE 

In  testing  the  influence  of  hyponitrite  the  conditions  as 
described  by  Smith  and  Lowry  were  modified  somewhat  by  using 
a  more  dilute  solution  of  silver  nitrate  (15  per  cent)  in  order  to 
duplicate  more  nearly  the  conditions  which  obtain  in  the  filter- 
paper  voltameter.  Such  a  solution  does  not  dissolve  as  much 
silver  hyponitrite  as  one  more  concentrated,  but  since  strongly 
striated  deposits  had  been  obtained  with  the  more  dilute  electrolyte, 
it  seemed  best  to  use  the  same  conditions  in  the  test.  If  the  pro- 
duction of  striae  were  due  primarily  to  silver  hyponitrite,  a  solution 
of  the  electrol)rte  of  the  same  strength  as  that  used  in  the  volta- 
meter completely  saturated  with  respect  to  hyponitrite  should 
show  the  effect  in  a  very  marked  manner.  The  silver  hyponitrite 
was  prepared  from  Kahlbaum's  potassium  nitrite.  The  procedure 
followed  was  essentially  the  same  as  that  described  by  Hantzsch 
and  Kaufmann.^  This  method  yields  a  pure  product  especially 
free  from  traces  of  hydrazine  and  hydroxylamine,  which  are  usually 
present  in  silver  hyponitrite  prepared  by  reduction  of  nitrite, 
tmless  special  care  is  taken  to  remove  them.  The  whole  process 
was  carried  out  in  a  dark  room  and  the  material  was  very  carefully 
protected  from  contamination  of  filter  paper  or  other  organic 
material.  The  salt  was  spread  upon  an  tmglazed  porcelain  plate 
and  preserved  in  the  dark  in  a  desiccator  over  sulphuric  acid. 

The  electrolyte  was  prepared  by  adding  a  weighed  amount  of 
silver  nitrate  to  a  satiu-ated  solution  of  the  hyponitrite  (free  from 
the  solid  salt)  contained  in  a  brown  glass-stoppered  bottle.  That 
the  electrolyte  was  saturated  with  respect  to  hj^nitrite  was 
indicated  by  the  formation  of  a  cloud  when  the  silver  nitrate 

**  Ann.  d.  Chem.  u.  Physik.  2M,  p.  330  (1896). 
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crystals  were  added.  Without  waiting  for  this  cloud  to  settle  the 
solution  was  immediately  electrolyzed  in  a  small  voltameter  imder 
normal  conditions.  We  were  surprised  to  find  that  the  silver 
deposit  was  in  all  respects  similar  in  appearance  to  those  obtained 
from  pure  silver  nitrate.  There  was  not  the  faintest  indication 
of  the  presence  of  striae. 

3.  PRODUCTION  OF  tSTBlM  BT  THE  ADDITION  OF  HTDRAZINB  AND  HTDROXTLAMINX 

TO  THB  BLBCTROLTTB 

The  effect  of  hydrazine  and  hydroxylamine  upon  the  appear- 
ance of  the  silver  deposited  in  the  voltameter  was  tested  because 
of  their  relationship  to  nitrous  and  hyponitrous  acid  as  members 
of  the  series  of  compoimds  produced  by  the  electrolytic  reduction 
of  nitric  acid.  Also,  hydrazine  and  hydroxylamine  are  usually 
present  as  impmities  in  silver  hjrponitrite,  tmless  special  care  is 
taken  to  remove  them,  and  it  was  thought  possible  that  the 
formation  of  striae  in  the  experiments  of  Smith  and  Lowry  might 
have  been  due  to  the  effect  of  these  impmities  rather  than  to  the 
hyponitrite,  since  we  had  found  the  latter  to  be  inactive. 

A  series  of  electrolyses  was  carried  out,  therefore,  with  electro- 
lytes containing  about  0.5  per  cent  by  weight  of  the  nitrates  of 
hydrazine  and  hydroxylamine  respectively.  The  hydrazine  and 
hydroxylamine  were  added  in  the  form  of  their  hydrochloride 
salts,  the  silver  chloride  thus  formed  being  filtered  off  through 
asbestos,  leaving  these  compoimds  in  solution  in  the  form  of  their 
nitrate  salts.  When  these  solutions  were  electrolyzed  it  was 
fotmd  that  the  silver  deposit  obtained  in  each  case  was  distinctly 
striated. 

Until  the  results  just  described  were  obtained  the  formation  of 
striated  deposits  had  been  observed  only  when  some  form  of 
nattiral  woody  fiber  (or  silk)  had  been  in  contact  with  the  electro- 
lyte. Even  substances  which  are  considered  to  be  very  closely 
related  chemically  to  cellulose,  such  as  starch  and  cane  sugar, 
had  failed  to  produce  this  very  peculiar  effect.  It  was  evident, 
therefore,  that  a  promising  clue  had  been  imcovered.  '* 

*  The  fact  that  these  two  reductku  products  of  nitric  acid  were  the  only  definite  chemical  compounds 
tried  so  far  which  possessed  the  peculiar  property  of  producing  striated  silver  deposits  seemed  in  itself 
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4.  FRODUCnOll  OF  STRIA  BT  THB  ADDITIOll  OF  STRONG  RBDUCING  AGENTS  TO 

THB  BLBCTRCH.TTB 

Many  experiments  were  carried  out  in  the  attempt  to  discover 
in  what  manner  hydrazine  and  hydroxylamine  produce  striae. 
It  was  finally  concluded  that  the  strongly  reducing  character  of 
these  substances  was  the  essential  condition.  To  test  this  hypoth- 
esis a  large  nimiber  of  strong  reducing  agents,  mostly  aldehydes 
and  phenols,  were  separately  added  to  the  electrolyte  and  their 
effect  upon  the  appearance,  and  in  some  cases  upon  the  mass,  of 
the  deposit  was  carefully  noted.  Among  those  tried  were  the 
following:  Dextrose,  invert  sugar,  formaldehyde,  acetaldehyde, 
fiufuraldehyde,  benzaldehyde,  phenol,  resorcinol,  hydroquinone, 
and  phloroglucinol.  Approximately  i  per  cent  of  the  reducing 
agent  was  added  in  each  case. 

The  electro-deposited  silver  obtained  from  electrolytes  contain- 
ing in  each  case  one  of  these  reducing  agents  was  carefully  exam- 
ined, both  as  to  its  general  appearance  (whether  striated  and  to 
what  extent)  and  also  as  to  the  appearance  of  the  silver  crystals 
under  the  microscope.  A  few  photographs  of  these  sUver 
deposits  were  made  and  are  shown  in  Figs.  22  to  25.  The  deposits 
were  striated  in  all  cases,  the  more  marked  effects  m  general  being 
produced  by  the  stronger  reducing  agents  of  the  group. 

•uffident  to  warrant  a  careful  search  being  made  for  their  presence  in  stiver  nitrate  solutions  contaminated 
with  filter  paper. 

In  the  present  instance  the  more  commonly  used  tests  with  permanganate  or  other  strong  oxidizing  agents 
oould  not  be  used  oa  account  of  the  presence  of  oxidizable  organic  material,  and  on  the  other  hand  the  leas 
Tiforous  oxidizing  agents,  such  as  Pehling's  acdution  and  mercuric  chloride,  were  not  considered  sufficiently 
characteristic  for  the  case  in  hand.  In  other  wcmyIs.  none  of  the  tests  whidi  depend  upon  the  reducing 
properties  of  these  substances  could  be  used.  Tests  of  a  more  diaracteristic  nature  were  desirable.  For 
hirdroxylamine,  the  test  of  Bamberger  (Ber..  tS.  p.  1803.  (1899))  was  found  to  be  the  most  satisfactory  for 
our  purpose;  Angeli's  (Gazz.  Chim.  ItaT..  SS.p.  xoi,  (1893))  test  with  nitroprussiate  is  not  so  easily  controlled 
•nd  is  less  sensitive  than  the  former.     (See  also  !#.  J.  Simon.  C  R..  It7.  p.  986.  (1903)). 

It  was  found  possible  by  means  of  this  test  to  detect  with  certainty  as  little  as  one  part  of  hydroxylamine 
hydrochloride  added  to  xooooo  parts  of  water  or  aqueous  filter  paper  extract.  We  were  tmable.  however, 
to  detect  the  s»%sence  of  even  the  slightest  trace  of  hydroxylamine  either  in  concentrated  filter  paper  extracts 
which  had  been  addified  with  varying  amounts  of  nitric  add  or  in  silver  nitrate  solutions  contaminated 
with  filter  paper.  In  the  latter  case  before  making  the  test  the  silver  was  completdy  iM-edpitated  as  dilo- 
ride  with  potassium  chloride  solution  and  the  predpitate  removed  by  filtering  the  solution  through  asbestos. 

In  testing  f <m'  hydrazine  we  employed  its  property  of  forming  the  very  insoluble  benzalazine  when  treated 
with  benzalddiyde  in  add  or  alkaline  solution.  This  test  was  first  used  by  Curtius  and  Jay  (Ber..  S2.  p. 
X54  ( 1889)) ,  but  they  make  no  statement  as  to  its  sensitiveness  in  detecting  minute  traces  of  hydrazine.  We 
found  that  it  is  possible  to  detect  by  this  means  a  few  parts  of  hydrazine  hydrodiloride  in  100  000  of  solution. 
Exanvnation  of  numerous  concentrated  extracts  of  filter  iMpcr  to  which  dther  nitric  add  or  silver  nitrate 
had  been  sulded  and  which  were  allowed  to  stand  for  varying  lengths  of  time  gave  no  evidence  of  the  x>reB- 
cnce  of  hydrazine,  although  0.005  per  cent  of  hydrazine  hydrodiloride  when  added  to  such  aqueous  filter 
paper  extracts  oould  be  detected  easily. 


Fig.  2S.^Slriated  deposit  caustd  by  Iht  addilion  of  polymerized  furfuraldehyde  to  the  electrolylt 
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It  has  been  pointed  out  already  that  such  mild  reducing  agents 
as  starch  and  cane  sugar  are  without  appreciable  influence  upon 
the  appearance  of  the  electro-deposited  silver.  It  would  appear, 
therefore,  from  the  similarity  in  the  effects  upon  the  silver  deposit 
of  filter  paper,  on  the  one  hand,  and  of  these  very  strong  reducing 
agents,  on  the  other,  that  the  filter  paper  actually  fimctions  as  a 
very  strong  reducing  agent,  much  stronger  than  either  cane  sugar 
or  starch.  Also,  the  extraction  experiments  already  described 
show  that  this  action  ia  the  voltameter  can  not  be  due  to  impuri- 
ties, but  must  be  attributed  to  the  cellulose  itself.  It  became  of 
importance,  therefore,  to  carefully  examine  the  products  formed 
by  the  interaction  of  these  cellulose  extracts  with  silver  nitrate 
in  order  to  determine  whether  the  action  is  one  of  actual  reduction, 
as  the  above  results  so  strongly  indicate,  and  especially  to  deter- 
mine whether  metallic  silver  is  actually  formed  by  the  reac- 
tion and  to  compare  the  results  in  this  case  with  the  action 
of  cane  sugar  or  starch  imder  the  same  conditions.  As  a 
problem  of  secondary  importance  in  its  relation  to  the  voltameter, 
but  of  even  greater  import  in  other  respects,  it  was  of  interest  to 
determine  in  what  way  cellulose  could  thus  fimction  as  a  much 
stronger  reducing  agent  than  either  starch  or  cane  sugar.  These 
questions  we  shall  discuss  in  the  subsequent  sections. 

E.  REDUCTION  OF  SILVER  NITRATE  TO  METALLIC  SILVER  BY  FILTER 

PAPER  EXTRACTS-COLLOIDAL  SILVER 

1.  PREPARATION  OF  CONCBNTRATBD  S^VER  HTDROSOLS  BY  MBANS  OF  FILTER 

PAPER  EXTRACT 

In  studying  the  reaction  between  silver  nitrate  and  cellulose, 
those  constituents  of  the  cellulose  which  have  the  greatest  effect 
in  the  voltameter  were  concentrated.  This  was  done  for  two 
reasons.  First,  it  was  desired  to  study  only  that  reaction,  of 
several  possible  concomitant  ones,  which  was  responsible  for  the 
particular  effects  in  question  of  filter  paper  in  the  voltameter. 
In  the  second  place,  it  was  desired  to  obtain  as  much  of  the  prod- 
ucts of  the  reaction  as  possible,  so  that  their  properties  could 
be  more  readily  examined  and  their  nature  determined.  This 
concentration  of  the  active  material  was  effected  by  extracting 
a  given  mass  of  filter  paper  with  the  smallest  volume  of  water 
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practicable,  repeating  the  extraction  several  times  with  the  same 
portion  of  water  until  no  more  material  seemed  to  be  extracted,  as 
judged  by  the  activity  of  the  extract  in  the  voltameter.  This 
usually  required  about  three  or  fotu*  extractions.  Later  it  was 
fotmd  that  the  active  material  could  be  ftuther  concentrated  by 
evaporation ;  but  since  a  portion  of  the  active  material  volatilized 
with  the  steam,  it  was  decided  to  make  the  tests  upon  the  extract 
as  obtained,  so  as  not  to  depart  in  the  least  from  the  conditions 
which  actually  obtain  in  the  voltameter.  If  the  extracts  are 
evaporated  to  dryness  on  the  steam  bath,  an  amorphous,  slightly 
brown  residue  is  left  which  volatilizes  completely  upon  ignition  in 
the  bunsen  flame.  (A  single  extraction  of  50  grams  of  filter  paper 
with  300  cc  of  distilled  water  at  35®  C  for  15  minutes  yielded 
approximately  75  milligrams  of  residue  when  evaporated  to  dry- 
ness on  the  steam  bath;  by  repeating  the  extraction,  extracts  of 
greater  concentration  have  been  obtained.)  When  one-half  per 
cent  of  silver  nitrate  is  added  to  such  extracts  the  slightly  straw- 
colored  liquid  gradually  asstunes  a  deep  red  wine  color  which 
begins  to  develop  in  from  10  to  1 5  minutes.  The  resulting  solution 
appears  perfectly  homogeneous  to  the  eye  and  can  be  filtered 
through  ordinary  filter  paper  without  any  visible  change  in  its 
appearance.  This  solution  is  practically  permanent  without  fur- 
ther treatment.  In  one  case  no  change  was  noticed  after  standing 
two  months  in  a  glass-stoppered  bottle ;  after  five  months  a  dark 
red-brown  sediment  had  collected  at  the  bottom  and  a  faint 
metallic  mirrorlike  film  had  formed  underneath  the  sediment, 
although  no  film  was  visible  on  the  sides  of  the  bottle.  The  red 
color  of  the  solution  itself  had  become  somewhat  fainter,  but  was 
still  a  deep  clear  red. 

The  appearance  and  properties  of  these  solutions  prepared  from 
filter  paper  extracts  are  entirely  similar  to  the  colloidal  silver 
solutions  of  Muthmann,^^  Carey  Lea,"  and  others,**  except  that  the 
solutions  prepared  from  the  concentrated  filter  paper  extracts  are 
if  anything  still  more  permanent  than  those  of  Muthmann  and  Lea 
and  even  more  diflBcult  to  coagulate  from  the  mother  liquor, 

«B€r..iO,983(i«»T). 

«  Amer.  Jour.  Sd.  (Sill).  [3)  17.  476;  18.  47;  41,  4«a;  Chem.  N.,  M.  34;  4».  53;  Phil.  Mag.,  [5!  tl.  497. 
**  Sdmcidcr.  Bcr.,  t$,  1x64  (x89a):  Pranfe.  Rec.  Trsv.  cfaim.  Pftyt-Bas,  f .  xax.    IiOttennoMr  nod  Mejrer. 
J.  pnkt.  Chcm..  M.  241. 
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as  will  appear  later.  When  the  less  concentrated  filter  paper  ex- 
tracts were  used  the  solution  was  much  less  deeply  colored,  usually 
having  a  faint  piuple  to  bluish  tinge ;  the  sediments  formed  more 
quickly  and  also  had  a  much  darker  color.  This  sediment,  as  well 
as  that  from  the  dark  red  solutions,  consists  almost  entirely  of 
finely  divided  metallic  silver,  as  will  be  shown  later  on.  Solutions 
of  cane  sugar  of  many  times  the  concentration  of  these  cellulose 
extracts  gave  no  such  evidence  of  the  formation  of  colloidal 
metallic  silver,  thus  confirming  our  first  inference  from  their 
relative  activity  in  the  voltameter.'* 

2.  ''PROTSCTBD''  AND  "XTHPROTBCTBD"  COLLOmAL  SILVBR;  IlfFLUSNCB  OP  ORGANIC 

coixoms 

The  greater  permanency  of  the  colloidal  solutions  prepared 
from  concentrated  filter  paper  extracts  and  the  fact  that  they 
are  only  very  slowly  coagulated  in  the  presence  of  the  imreduced 
silver  nitrate,  which  is  a  strong  electrolyte,  suggests  that  the 
colloidal  silver  is  **held  up"  by  the  ** protective"  action  of  the 
organic  material  in  the  extract,  which  is  itself  a  well-defined  col- 
loid. (Preliminary  examinations  of  concentrated  filter  paper 
extracts  made  in  this  laboratory  by  means  of  the  ultramicroscope 
show  that  they  exhibit  the  characteristic  appearance  of  colloidal 
solutions.)  Furthermore,  the  organic  colloids  in  the  extract 
belong  to  the  class  of  so-called  reversible  colloids,  if  we  adopt 
the  restricted  and  more  rational  classification  of  Zsigmondy,**  for 
after  evaporation  even  at  the  temperature  of  the  water  bath  the 
residue  may  again  be  "redissolved"  in  water.  On  the  basis  of 
the  same  classification,  colloidal  silver  solutions  prepared  by 
Bredig's  method  in  the  absence  of  other  colloids  are  irreversible.** 
Since,  as  a  general  rule,  the  protective  colloids  belong  to  the 
class  of  ''reversible"  colloids,**  it  is  seen  that  we  have  ideal  con- 
ditions for  the  formation  of  a  protected  colloidal  solution  of  silver 
in  this  case. 

As  already  stated,  the  colloidal  silver  coagulates  and  settles 
more  readily  from  silver  nitrate  solutions  only  slightly  contami- 
nated with  filter  paper  extract  than  from  those  prepared  with 

*  Purther  on  in  this  diapter  the  relative  rates  of  these  reactions  are  given,  and  this  ooadusion  is  thus 
established  in  a  very  definite  manner. 

*  Cdloids  and  the  UHramicroscope,  Zsigmondy Alexander;  zgoa,  p.  2$  et  seq. 
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concentrated  extracts.  This  indicates  that  the  protective  action 
is  dependent  upon  the  amount  of  cellulose  extract  present  relative 
to  the  amotmt  of  silver  nitrate,  and  that  under  actual  conditions 
in  the  filter  paper  voltameter  the  colloidal  silver  is  protected  to 
some  extent  from  the  coagulative  action  of  silver  nitrate  and 
other  electrolytes.  This  condition  may  accotmt  for  the  greater 
effectiveness  of  filter  paper  in  the  voltameter  as  compared  with 
that  of  the  other  strong  reducing  agents,  such  as  dextrose,  formal- 
dehyde, etc.,  which,  although  strongly  reducing  in  character,  are 
not  protective  colloids. 

Whether  the  greater  effectiveness  of  ** protected"  colloidal 
silver  is  due  to  a  greater  permanency,  to  a  greater  concentration, 
or  to  some  other  difference  in  the  properties  of  the  colloidal  silver 
solutions,  or  whether  due  in  part  to  the  independent  action  of 
the  protective  colloid  itself,  is  a  matter  about  which  there  may  be 
some  question.  While  the  migration  experiments  described  on 
page  219  show  that  colloidal  silver  migrates  to  the  cathode,  it  is  of 
course  possible  that  the  protective  colloid  itself  may  migrate  to 
the  cathode  in  exactly  the  same  manner  and  there  bring  about 
entirely  similar  results  as  to  the  production  of  striations,  etc. 
However,  all  of  the  data  which  we  have  been  able  to  find  indicate 
that  not  only  cellulose,  but  practically  all  other  kinds  of  organic 
colloids  as  well,  migrate  toward  the  anode.'^  Moreover,  since 
non-reducing  organic  colloids  are  "inactive"  in  the  voltameter, 
and  further,  since  "unprotected"  colloidal  silver  produces  similar 
effects  (as  shown  by  the  results  obtained  with  the  strong  reduc- 
ing agents,  such  as  dextrose,  formaldehyde,  phloroglucinol,  etc., 
and  also  with  Bredig*s  colloidal  silver),  it  would  seem  more  pro- 
bable that  the  effects  are  due  primarily  to  the  colloidal  silver 
itself  and  that  the  greater  effectiveness  of  the  "protected" 
colloid  should  be  attributed  to  its  greater  concentration  and 
greater  permanency.  Undoubtedly  some  of  the  organic  colloid 
is  dragged  along,  so  to  speak,  with  the  colloidal  silver  and  is  de- 
posited upon  the  cathode,  but  this  can  hardly  constitute  more 

"  See  Spring,  Bull,  de  I'Acad.  roy  de  Belg.  (3).  tt,  780-784. 1898.  I^arquier  des  Bancels.  C.  R..  14f , 
316-319;  J909.  Also  Graf  von  Sdiwerin  und  Farbwerke  vorm.  Meister»  Lucius  und  Bruning,  D.  R.  P. 
134509*  134510, 128085. 
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than  a  small  percentage  by  weight  of  the  total  colloid  so  deposited. 
In  instances  where  the  electrolyte  contained  unusually  large 
amounts  of  filter  paper  extract  (colloidal  cellulose  hydrates,  etc.), 
we  have  been  able  actually  to  separate  this  included  organic  colloid 
from  the  silver  deposit  by  amalgamating  the  silver  with  mercury. 

In  one  case  a  deposit  (not  weighed)  made  from  an  electrolyte 
containing  an  imusually  large  amoimt  of  filter  paper  extract, 
after  thorough  washing,  was  amalgamated  with  50  times  its  mass 
of  mercury  and  extracted  with  water.  The  amorphous  cellulose 
was  plainly  visible  suspended  in  the  water.  Its  total  mass  ob- 
tained by  loss  on  ignition  (after  evaporating)  was  4.5  milligrams. 
The  total  weight  of  the  silver  deposit  was  about  4  grams.  Judg- 
ing from  the  character  of  the  striae  and  general  appearance  of  the 
deposit  it  probably  was  heavier  than  a  normal  deposit  by  not  less 
than  one-half  of  i  per  cent.  But,  under  the  usual  conditions  at 
least,  in  the  filter  paper  voltameter,  the  weight  of  this  included 
organic  material  is  only  a  small  fraction  of  the  total  excess  weight 
of  the  deposit.  This  excess  appears,  therefore,  to  be  due  mainly  to 
the  colloidal  silver  alone,  since  the  remainder  of  the  deposit  amal- 
gamates completely.  In  another  instance  a  weighed  deposit  from 
an  electrolyte  contaminated  with  filter  paper,  made  in  a  voltam- 
eter in  series  with  a  standard  voltameter,  showed  an  excess 
weight  of  about  4  mg.  After  carefully  amalgamating  with  50 
times  its  weight  of  mercury,  then  extracting  the  amalgam  with 
very  pure  water,  and  evaporating  the  extract,  a  residue  judged 
to  be  organic  material  was  obtained  which  weighed  0.43  mg,  and 
which  showed  a  loss  upon  ignition  of  0.38  mg.  In  other  words, 
only  about  one-tenth  of  the  total  excess  weight  could  be  attributed 
to  the  included  organic  material  liberated  in  this  way. 

Other  instances  of  the  pronounced  effects  produced  by  reducing 
agents  which  can  function  as  protective  colloids  are  seen  in  the 
effects  produced  by  the  addition  of  gelatin  and  unwashed  raw 
silk  (due  to  the  silk  glue),  both  of  which  give  well-defined  col- 
loidal solutions  in  water  and  very  easily  reduce  silver  nitrate  to 
colloidal  silver  solutions  in  a  manner  similar  to  that  shown  by 
cellulose. 
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F.  PROPERTIES  OF  COLLOIDAL  SILVER  PREPARED  BY  MEANS  OF  FILTER 

PAPER  EXTRACT 

1.  COAGULATION  OP  THS  ''PROTBCTBD''  COLLOIDAL  SILVBR  BT ICBANS  OP  ALCOHOL 

By  magnifying  the  conditions  actually  present  in  the  filter 
paper  voltameter,  i.  e.,  by  increasing  the  proportion  of  "soluble" 
cellulose  relative  to  the  silver  nitrate,  it  has  been  possible,  as 
already  stated,  to  prepare  permanent  colloidal  solutions  of  silver 
which  are  not  only  not  coagulated  by  the  silver  nitrate  present, 
but  which  are  extremely  stable  toward  all  other  electrolytes  that 
have  been  tried.  In  fact,  considerable  time  was  expended  in 
searching  for  a  means  of  coagulating  these  concentrated  hydrosols 
so  that  sufficient  hydrogel  (coagulated  silver)  could  be  collected 
to  enable  its  properties  to  be  examined.  The  addition  of  potas- 
situn  nitrate  in  practically  all  proportions  up  to  saturation  had 
very  little  effect  upon  the  rate  of  coagulation.  The  same  was 
fotmd  true  of  soditun  nitrate  and  ammonitun  nitrate  as  well  as 
of  the  acetates  of  the  alkali  metals.  Of  cotu'se,  only  such  salts 
could  be  added  as  do  not  form  an  insoluble  precipitate  with  the 
silver  nitrate.  Dilute  acetic  acid  brought  about  partial  coagula- 
tion on  standing  two  days.  Potassitun  fluoride  had  no  effect 
when  the  solutions  were  kept  in  platiniun.*^ 

A  highly  satisfactory  coagulating  agent  was  found  in  alcohol. 
When  approximately  two  volumes  of  alcohol  (95  per  cent  or  98 
per  cent)  are  added  to  one  voltune  of  the  concentrated  silver 
hydrosol,  a  dark  red  sediment  begins  to  fcom  in  about  an  hour, 
and  the  solution  becomes  clear  on  standing  over  night.  This 
sediment  may  be  collected  on  an  asbestos  filter  and  washed  free 
from  silver  nitrate  by  means  of  absolute  alcohol. 

2.  PROPERTDSS  OP  THB  COAOULATBD  COLLOmAL  SILVBR  Oft  HTDROGXL 

(a)  Transformation  to  Ordinary  White  Silver. — If  a  thin  film  of 
the  silver  hydrogel  is  spread  upon  a  microscope  slide,  it  asstunes 
upon  drying  a  faint  greenish  tinge  by  reflected  light,  but  is  still 
a  dark  reddish  brown  by  transmitted  light.  When  kept  at  100® 
to  1 10®  it  gradually  assumes  a  more  yellowish  tinge  by  reflected 

"  It  would  be  of  interest  from  the  sUndpoint  of  the  general  properties  of  colloids  to  remove  the  silrer 
nitrate  completely  by  dialysis  so  that  electrolytes  other  than  nitrates,  acetates,  or  fluorides  could  be  used 
in  order  to  determine  whether  this  silver  hydroaol  is  stable  toward  all  electnrfytes  when  so  protected  by 
the  reversible  cellulose  colloid.  This  has  not  yet  been  done.  The  effect  of  the  electrolytes  mentioned 
above  refers  to  silver  hydrosols  containing  approximately  one-half  per  cent  silver  nitrate.  Their  effect 
in  the  absence  of  silver  nitrate  could  hardly  be  different. 
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light,  finally  becoming  opaque  and  having  the  gray  metallic 
appearance  of  (Ordinary  finely  divided  silver.  Upon  standing 
several  weeks  under  a  bell  jar  it  gradually  undergoes  the  same 
changes  at  ordinary  room  temperatures.  This  spontaneous  change 
to  ordinary  gray  silver  takes  place  more  readily  with  the  darker 
sediment  which  settles  from  the  weaker  silver  hydrosols  containing 
much  less  filter  paper  extract  than  with  those  just  described. 

However,  it  has  not  been  possible  always  to  obtain  this  spon- 
taneous transition  of  the  colloidal  to  ordinary  silver.  Very 
sUght  variations  in  the  conditions  under  which  the  material  is 
prepared  or  preserved  apparently  make  a  great  deal  of  diflFerence 
in  the  ease  with  which  it  is  transformed.  This  behavior  was 
noticed  and  investigated  by  Lea,^  who  states  that  moisture 
and  light  together  are  favorable  to  the  transition,  but  that  if 
some  specimens  are  dried  and  subsequently  exposed  to  light 
they  become  very  insoluble  (i.  e.,  irreversible)  and  do  not  undergo 
transformation  to  ordinary  silv^.  A  very  similar  behavior  has 
been  observed  with  the  red  variety  precipitated  by  alcohol.  In 
one  instance  a  specimen  of  the  dark  brown  variety  (from  alcohol 
precipitation)  withstood  a  temperatiu^e  of  150®  C  for  five  hours 
without  losing  its  characteristic  dark  brown  color  by  transmitted 
light,  although  by  reflected  light  it  showed  a  greenish  yellow 
appearance  similar  to  that  of  gold.  Another  sample  of  the  same 
silver  hydrogel  treated  in  the  same  manner,  except  that  it  was 
not  heated,  changed  to  ordinary  gray  silver  on  standing  imder 
an  inverted  crystallizing  dish  in  diffuse  daylight,  the  change  being 
observed  at  the  end  of  eight  days.  This  may  have  been  favored 
by  the  presence  of  moistiwe  as  suggested  by  Lea,  but  at  the  time 
we  were  not  aware  of  this  phase  of  Lea's  investigations  and  could 
find  no  explanation  of  the  difference  in  the  behavior  of  the  two 
specimens.  However,  with  the  very  dark  brown  or  black  silver 
*  sediment  which  settles  spontaneously  from  silver  nitrate  solutions 
that  are  only  slightly  contaminated  with  filter  paper,  it  has  been 
observed  that  this  change  from  dark  brown  or  blue  to  yellow  and 
then  gradually  to  ordinary  gray  or  white  silver  always  occurs 
upon  heating  for  a  few  minutes  at  130^  or  upon  long  standing 
at  ordinary  temperature. 

*  Amer.  J.  Set,  [3]  9S,  pp.  ia9  «ad  S37. 
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In  addition  to  the  spontaneous  change  of  the  coagulated  colloid 
into  ordinary  silver,  its  percentage  composition  and  behavior 
toward  various  reagents  show  conclusively  that  it  is  practically 
pure  metallic  silver. 

(b)  Percentage  Content  of  Silver. — ^The  percentage  content 
of  silver  was  estimated  in  the  following  manner:  Fifty  grams  of 
No.  595  Schleicher  and  Schiill  filter  paper  was  first  freed  from 
soluble  chlorides  and  other  soluble  impurities  as  far  as  possible  by 
several  extractions  with  water.  These  first  extracts  were  dis- 
carded to  avoid  contaminating  the  silver  hydrogel  (subsequently 
to  be  formed)  with  silver  chloride  or  other  insoluble  silver  salts. 
This  thoroughly  extracted  filter  paper  was  then  allowed  to  stand 
in  a  covered  beaker  imtil  practically  dry  and  then  again  extracted 
in  the  usual  manner,  the  extract  being  filtered  first  through  a  sheet 
of  the  same  filter  paper  and  then  through  a  thick  asbestos  mat. 
The  hydrosol  produced  in  the  usual  way  was  coagulated  by  the 
addition  of  two  volumes  of  alcohol  and  was  collected  on  asbestos 
in  a  weighed  Gooch  crucible.  The  gel  was  washed  first  with  abso- 
lute alcohol  until  the  filtrate  was  free  from  silver  salts  and  then 
with  a  little  water;  dried  at  loo®  for  a  few  minutes,  then  over  sul- 
phuric acid  in  a  vacuum  desiccator  and  weighed  again  to  deter- 
mine the  mass  of  residue.  The  material,  after  moistening  with  hot 
water,  was  then  washed  with  30  per  cent  nitric  acid  and  this  treat- 
ment repeated  until  there  was  no  fiulher  decrease  in  weight.  In 
some  cases  where  the  precipitate  had  been  subjected  to  prolonged 
drying  and  long  exposure  to  light  the  dark  brown  material  dissolved 
very  slowly  in  the  strong  acid  and  several  treatments  with  acid 
were  required  to  produce  a  constant  weight.  In  one  instance  con- 
centrated nitric  acid  was  used  to  hasten  the  solution,  with  the  sur- 
prising result  that  the  residue  was  transformed  from  almost  black 
to  a  brilliant  piuple  color  and  then  dissolved  with  very  great 
difficulty.  Some  of  this  piuple  material  passed  through  the  filter, 
evidently  in  colloidal  condition,  and  did  not  become  colorless  until 
after  standing  several  hoturs  in  the  strongly  acid  filtrate.  This  is 
evidently  still  another  allotropic  form  of  silver  which  has  the  very 
remarkable  property  of  almost  complete  insolubility  in  concen- 
trated nitric  acid.  In  no  other  case  was  difficulty  of  this  sort 
encountered,  the  precipitate  being  soluble  in  30  per  cent  nitric 
add.    The  silver  in  the  filtrate  was  estimated  with  standard 
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ammonium  thiocyanate  in  the  usual  mamier.  The  results  of 
three  analyses  of  samples  varying  in  weight  from  10  to  20  milli- 
grams prepared  at  different  times  were : 

Percent 
silver 

No.  1 97. 0 

No.  2 96. 8 

No.  3 96.  6 

Average 96. 8 

The  remaining  3.2  per  cent  was  probably  organic  material,  since 
on  ignition  samples  lost  approximately  this  per  cent  of  volatile 
and  oxidizable  material. 

(c)  Behavior  toward  Various  Reagents. — The  following  experi- 
ments on  the  behavior  of  the  coagulated  colloid,  obtained  from 
silver  nitrate  solutions  treated  with  filter  paper  extract,  were  carried 
out  to  fiuther  strengthen  the  evidence  that  this  colloid  is  nearly 
pure  metallic  silver. 

As  already  indicated,  the  behavior  of  the  precipitated  silver 
toward  chemical  reagents  varies  somewhat  according  to  the 
method  of  preparation.  An  illustration  of  this  is  the  piuple 
form,  obtained  by  prolonged  drying  of  the  dark  red  hydrogel 
precipitated  by  alcohol,  which  is  practically  insoluble  in  concen- 
trated nitric  acid.  There  are  certain  properties,  however,  more 
or  less  common  to  all  the  forms  so  far  obtained,  and  these  will  now 
be  briefly  described. 

Nitric  Add. — ^Toward  nitric  acid  all  the  forms  obtained  from 
filter  paper  extract  seem  to  behave  quite  diflferently  from  those 
described  by  Carey  Lea.  For  while  they  resemble  some  of  his 
forms  in  being  practically  insoluble  in  very  dilute  nitric  acid,  they 
are  not  readily  converted  into  ordinary  white  silver  by  contact 
with  dilute  acids  as  are  his  forms.  In  other  words,  the  presence  of 
dilute  acid  does  not  seem  to  hasten  this  spontaneous  change  to 
ordinary  silver  which  sometimes  takes  place.  The  only  similar 
effect  is  the  one  mentioned  where  concentrated  nitric  acid  trans- 
formed a  dark  brown  variety  to  a  brilliant  piuple  one. 

Ammonia. — ^The  coagulated  silver  sediments  are  not  dissolved 
to  colorless  solutions  even  by  concentrated  NH^OH.  This 
behavior  in  itself  eliminates  all  the  ordinary  compotmds  of  silver 
except  silver  sulphide,  which  is  excluded  by  the  percentage  con- 
tent of  silver  and  other  chemical  properties  of  the  material,  such 
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as  its  catalytic  action  upon  hydrogen  peroxide.  When  concen- 
trated ammonia  is  added  to  the  deep  red  wine-cok»^  hydrosols, 
the  solution  remains  practically  tmchanged  except  that  after  the 
addition  of  ammonia  the  hydrosol  seems  to  be  more  stable,  since 
it  is  not  so  readily  coagtdated  by  the  addition  of  alcohol.  Similar 
stable  colloidal  solutions  are  formed  when  the  coagulated,  practi- 
cally insoluble,  sediments  are  treated  on  the  filter  with  ammonia 
water.  The  precipitate  then  passes  through  the  filter  in  colloidal 
condition.  This  behavior  is  similar  to  that  observed  by  Muth- 
mann  with  colloidal  silver  prepared  by  the  reduction  of  silver 
citrate  by  means  of  hydrogen,  except  that  the  ammoniacal  hydro- 
sols  in  the  present  case  are  much  more  stable  and  are  not  dif- 
ferently colored  from  the  original  hydrosol. 

Potassium  Cyanide. — All  the  forms  of  silver  sediment  are  readily 
soluble  to  a  clear  solution  in  this  reagent. 

Hydrogen  Peroxide. — A  thin  film  of  the  red-brown  hydrogel 
(which  had  been  thoroughly  washed  with  absolute  alcohol)  was 
spread  upon  glass  and  dried  in  a  desiccator  over  sulphuric  acid. 
When  this  film,  which  was  slightly  yellowish  green  by  reflected 
Ught  and  red  brown  by  transmitted  Ught,  was  covered  with  a  few 
drops  of  a  3  per  cent  solution  of  hydrogen  peroxide,  a  copious 
evolution  of  gas  began  immediately.  After  the  action  had 
ceased  the  film  was  washed  and  again  dried.  The  slight  green 
appearance  (by  reflected  light)  had  entirely  disappeared,  leaving 
a  homogeneous  dark  red-brown  film. 

Here  again  this  striking  behavior  is  entirely  similar  to  that 
observed  by  Carey  Lea  ^  and  also  by^  Mcintosh  *^  with  colloidal 
silver,  except  that  there  was  very  little  evidence  of  a  partial 
solution  of  the  silver,  as  was  observed  by  the  latter,  unless  the 
disappearance  of  the  green  color  may  be  attributed  to  the  solu- 
tion of  a  very  thin  film  of  some  kind.  While  it  is  true  that  silver 
oxide  acts  catalytically  upon  hydrogen  peroxide  in  a  similar 
manner,  the  possibility  of  any  appreciable  proportion  of  the 
sediment  consisting  of  oxide  is  excluded  by  its  behavior  with 
ammonia,  its  behavior  toward  dilute  and  concentrated  nitric 
acid,  and  its  ready  amalgamation  with  mercury. 

^  Amer.  J.  Sd.  bl.  t^.  PP- 1>9  uul  ^31- 
"  J.  Phys.  Chem.,  6,  p.  15  (190a). 
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Amalgamation  with  Mercury, — If  a  little  of  the  dry  dark-brown 
powder  obtained  from  the  red  hydrosol  by  precipitating  with 
alcohol  be  placed  in  a  small  porcelain  crucible  and  treated  with 
a  globule  of  mercury,  the  whole  of  the  powder  amalgamates  with 
the  mercury  at  ordinary  temperature.  The  two  materials  must 
be  brought  into  mthnate  contact  by  stirring  with  a  glass  rod.  If 
the  silver  is  in  the  form  of  an  adherent  film  upon  the  glass  or 
porcelain,  the  amalgamation  does  not  take  place,  but  if  the  film 
is  scraped  loose  the  action  immediately  takes  place, 

(d)  Summary. — It  is  difl&cult  to  explain  these  properties  of  the 
hydrogel  obtained  from  silver  nitrate  and  pure  filter  paper  extract 
upon  any  other  assumption  than  that  the  material  is  nearly  pure 
metallic  silver. 

When  considered  in  connection  with  the  other  properties 
described,  the  evidence  is  certainly  conclusive  that  filter  paper 
acts  chemically  upon  silver  nitrate  solution  at  ordinary  tem- 
peratures with  the  production  of  colloidal  metallic  silver.  The 
mechanism  of  the  chemical  reactions  which  bring  about  this  result 
have  been  examined  somewhat  in  detail  and  will  be  discussed 
later.  The  manner  in  which  this  colloid  produces  the  peculiar 
striated  deposits  of  silver  in  the  voltameter  will  be  explained  on 
page  279. 

G.  CHAN6B  IN  THE  CONDmON  OF  NBUTEALITT  OF  SILVER  NITRATB 
SOLUTIONS  PRODUCED  BT  FILTER  PAPER  EXTRACT 

When  silver  nitrate  is  reduced  to  metallic  silver,  one  equiva- 
lent of  nitric  acid  must  necessarily  be  liberated  for  each  equiva- 
lent of  silver  thrown  out;  consequently,  if  filter  paper  extract 
reduces  silver  nitrate  to  colloidal  metallic  silver,  the  solution 
should  become  acid.  The  demonstration  of  this  change  was 
considered  a  very  important  link  in  the  evidence  that  the  above 
reaction  does  actually  take  place;  but  when  this  seemingly  simple 
task  was  undertaken  serious  difficulties  were  encoimtered.  It 
was  soon  discovered  that  the  tests  could  not  be  made  in  the  pres- 
ence of  the  silver  nitrate  by  means  of  the  usual  indicators.  Litmus 
solution  forms  a  precipitate  with  silver  nitrate,  masking  the  color 
reaction  and  showing  that  a  disturbing  chemical  change  takes 
place.    With  litmus  paper  the  results  depend  upon  the  manner 
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in  which  the  test  is  made.  If  only  the  end  of  the  paper  is  dipped 
into  the  solution  the  reaction  usually  appears  to  be  acid,  but 
this  was  foimd  to  be  due  to  the  capillary  action  of  the  paper,  which 
results  in  the  acid  being  drawn  up  more  rapidly  than  the  base 
(AgOH) .  A  pink  band  travels  up  the  paper,  immediately  followed 
by  a  blue  band.  If,  on  the  other  hand,  the  whole  strip  of  paper 
is  immersed  at  once  in  the  solution,  the  reaction  is  invariably 
basic  even  after  i  part  in  100  000  of  free  acid  is  added  to  solutions 
prepared  from  repeatedly  recrystalUzed  salt. 

With  methyl  orange,  silver  nitrate  solutions  invariably  show 
an  acid  reaction  even  after  the  addition  of  indefinite  amotmts  of 
pure  sodium  or  baritun  hydroxide.  So  long  as  any  silver  nitrate 
remains  the  reaction  is  acid."  Since  there  is  no  evidence  of  any 
reaction  between  the  stiver  salt  and  this  indicator,  and,  fiuther, 
since  the  intensity  of  color  is  imif orm  for  all  solutions  of  the  same 
concentration,  this  result  strongly  indicates  that  silver  nitrate 
is  slightly  hydrolyzed.  When  the  silver  was  removed  as  silver 
chloride  by  precipitating  with  neutral  sodimn  or  potassium 
chloride  and  filtering,  it  was  foimd  that  the  filtrate  from  recrys- 
talUzed and  supposedly  neutral  silver  nitrate  usually  showed  a 
basic  reaction  toward  methyl  orange,  litmus,  phenolphthalein, 
and  iodeosine.  The  same  results  were  obtained  with  solutions 
strongly  contaminated  with  filter  paper,  i.  e.,  they  usually  reacted 
basic  toward  all  indicators  after  precipitating  the  silver  as  chloride 
and  removing  it  by  filtration.  Occasionally  a  solution  which 
had  been  standing  for  many  weeks  would  show  an  acid  reaction, 
but  the  freshly  contaminated  solutions  were  invariably  basic 
even  after  considerable  of  the  dark  brown  sediment  had  settled 
from  the  solutions. 

These  difficulties  were  finally  explained  by  the  observation  that 
the  filter  paper  extracts  themselves  show  a  pronotmced  basic 
reaction    toward    the    indicators    mentioned. ••    This    behavior 


**  Richards,  Colliiis.  and  Hdmrod  (Proc  Amer.  Acad..  S6.  p.  xaj)  itate  that  the  dectrotyte  near  the  anode 
gave  an  add  reaction  ivith  methyl  oranse,  whereas  the  cathode  electrolyte  remained  neutral  toward  the 
same  indicator.  Later,  however  (Jour.  Amcr.  Chcm.  Soc..  M.  p.  808).  Richardsand  Forbes  state  that  silver 
nitrate  solution  is  add  toward  methyl  orange  even  after  the  addition  of  base.  We  were  not  aware  of  this 
last  observation  when  the  above  tests  were  made. 

"  So  far  as  we  are  aware  this  observation  is  new  and  should  prove  of  some  importance  in  relation  to  the 
chemistry  of  cellulose.  It  is  no  doubt  dosely  related  to  the  dectrodiemical  and  absorptive  properties  of 
cellulose  in  general.  See  Cross  and  Bevan,  Researdies  on  Cdhalose,  x9oo'X905»  PP-  7.  103.  xa8,  xjx,  X57. 
Also  eKperiment  mentioned  in  this  paper  on  pp.  a6a-a63. 
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explained  the  results  just  mentioned  which  were  obtained  with  the 
recrystallized  and  supposedly  neutral  silver  nitrate,  for  the  silver 
chloride  was  filtered  ofif  by  means  of  filter  paper,  the  filtrate 
extracting  more  or  less  basic  cellulose  from  the  filter  according  to 
how  thoroughly  it  had  been  washed.  Later  work  showed  that 
recrystallization  from  neutral  solution  itself  produces  a  trace  of 
basic  silver  hydroxide,  but  this  is  slight  in  comparison  with  the 
effect  of  the  oxycelluloses.  When  asbestos  filters  were  employed 
the  recrystallized  salt  showed  a  practically  neutral  reaction  after 
precipitating  the  silver  as  chloride.  The  basic  reaction  of  the 
freshly  contaminated  silver  nitrate  solutions  was  therefore  real, 
and  was  due  to  the  filter  paper  extract  itself.** 

The  reduction  of  silver  nitrate  (by  filter  paper  extract)  results  in 
the  production  of  free  acid,  which  is  immediately  neutralized  by  the 
basic  oxycellulose  present,  the  basicity  of  the  solution  gradually 
diminishing  until  it  is  entirely  neutralized  by  the  acid.  As  the 
reduction  continues  the  solution  becomes  acid,**  the  acidity 
increasing  imtil  a  condition  of  equilibritun  is  finally  reached. 
This  final  acidity  is  often  sufficiently  high  to  be  detected  with 
litmus  paper  without  previous  precipitation  and  removal  of  the 
silver  as  chloride  and  may  account  for  the  observations  of  Kahle 
and  others  upon  the  acid  reaction  of  very  old  repeatedly  used 
solutions,  a  change  which  they  attributed  to  the  process  of  electrol- 
ysis itself  instead  of  to  the  reducing  action  of  oxycelluloses  from 
filter  paper  upon  the  silver  nitrate. 

**  Ten  grams  of  No.  595  S  &  S  filter  i>aper  yield  a  basic  extract  (when  treated  in  the  manner  described) 
which  is  equivalent  to  approximately  .47  milligram  of  sodium  hydrcutide  The  residue  left  upon  ev84>or»> 
tion  of  such  an  extract  at  a  temperature  of  xoo*  C  is  approximately  x  7  milligrams.  If  it  be  assumed  that  this 
is  a  single  definite  oxycellttloee  and  not  a  mixture,  we  have  the  result  that  the  equivalent  weight  of  oxycellu* 
lose  is  approximatdy  1447  (in  terms  of  hydrogen).  These  figures  are  to  be  considered  only  very  roug^  upprosor 
mations.  but  they  illustrate  what  we  believe  to  be  a  new  means  of  estimating  the  equivalent  magnltttde 
of  one  of  the  modified  forms  of  cellulose  (oxyceUulose).  The  fact,  however,  that  this  material  is  cdloldal 
may  vitiate  this  method  of  determining  the  molecular  weight  of  the  substance,  since  its  baric  reaction 
may  be  an  absorption  phenomenon  rather  than  a  true  reaction  of  hydroxyl  ions.  The  colloidal  phase  of 
the  chemistry  of  cellulose  has  recently  been  emphasized  by  Cross  and  Bevan.  (Researdies  on  Cellulose, 
1900-1905,  I<ongmans  &  Co.,  1906,  pp.  6. 126,  and  177.) 

*  The  neutral  nitrate  salts  or  esters  of  these  basic  compounds  are  evidently  sis  strongly  reducing  in  char« 
acter  as  the  free  bases  themselves. 
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Fig.  26.— Curve  showing  the  rate  of  formation  of  acid  by  tttf  action  of  filter  paper  extract  on  10 
per  cent  AgNO^ 
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Many  observations  have  been  made  upon  electrolytes  strongly  con-, 
taminated  with  filter  paper,  and  it  has  been  imiformly  observed  that 
they  are  always  basic  immediately  after  preparation,  the  basicity 
gradually  decreasing  with  time  imtil  neutral  and  then  gradually 
increasing  in  acidity.  The  accompanying  table  (II)  and  curve 
(Fig.  26) ,  prepared  from  the  data  given,  is  a  single  illustration  of  the 
course  of  this  reaction.  It  will  be  seen  that  an  uncontaminated 
solution  was  subjected  to  the  same  treatment  and  tested  in  the 
same  manner  as  a  control  experiment.  The  contaminated  solu- 
tion was  prepared  by  adding  10  per  cent  of  pure  neutral  silver 
nitrate  crystals  to  50  cc  of  a  filter  paper  extract  made  by  several 
extractions  of  12.5  grams  of  No.  595  S  &  S  filter  paper.  This 
extract  was  approximately  24  parts  per  million  basic.  Two  hours 
after  adding  the  silver  nitrate  the  basicity  had  decreased  to  only 
1 2  parts  per  million,  thus  showing  that  a  corresponding  amotmt  of 
reduction  had  taken  place  (equivalent  to  approximately  20  parts 
per  million  of  colloidal  metallic  silver)  during  the  time  required  to 
make  a  voltameter  determination.  No  test  was  then  made  imtil 
after  two  days,  when  the  solution  was  foimd  to  be  practically 
neutral,  but  this  condition  was  probably  reached  much  sooner,  so 
that  the  ctirve  is  probably  not  sufficiently  steep  in  this  portion  to 
represent  the  true  change.  After  becoming  neutral  or  slightly 
acid  the  change  progresses  more  slowly. 

It  should  be  stated  also  that  the  red  color  of  the  silver  hydrosol 
begins  to  develop  in  such  strongly  contaminated  solutions  after  a 
very  few  minutes  at  the  usual  temperature  of  the  electrolyte  in 
the  voltameter,  i.  e.,  25®  to  30*^.  This  is  further  evidence  that 
colloidal  silver  is  actually  formed  in  the  filter  paper  voltameter 
during  the  time  required  for  a  determination.  Of  course  with 
slightly  contaminated  electrolytes  this  color  change  is  not  visible. 

H.  CELLULOSE  AS  A  STRONG  REDUCnTO  AGENT 

1.  OBNBRAL  STATBMSNT 

The  remarkable  similarity  in  the  effects  of  filter  paper  on  the 
one  hand  and  of  very  strong  reducing  agents  on  the  other  upon 
the  appearance  of  the  electro-deposited  silver  had  ftimished 
striking  evidence  that  the  activity  of  the  cellulose  must  be  due  to 


252  Bulletin  of  the  Bureau  of  Standards  {Voi.0 

its  action  as  a  very  strong  reducing  agent.  This  action  of  cellu- 
lose was  in  strong  contrast  to  that  of  such  mild  reducing  agents 
as  cane  sugar  and  starch,  which  were  found  to  be  inactive  in  the 
voltameter.  This  indirect  evidence  of  the  strongly  reducing 
character  of  filter  paper  extracts  had  been  fully  confirmed  by  the 
experiments  just  described,  in  which  permanent  colloidal  solutions 
of  metallic  silver  were  prepared  from  filter  paper  and  silver  nitrate 
and  the  metallic  silver  coagulated  and  identified  by  its  properties. 
Moreover,  these  colloidal  silver  solutions  were  prepared  under 
exactly  the  same  conditions  which  obtain  in  the  voltameter 
itself.  The  relative  inactivity  of  cane  sugar  imder  the  same 
conditions  is  ftuther  discussed  in  the  next  paragraph. 

2.  SXLATIVB  SATBS  OF  RXDUCTION  OF  8ILVBR  mTRATB  BT  CBLLULOSB  AND  BT 

CAlfB  SUGAR 

A  better  appreciation  of  the  strength  of  the  reducing  action  of 
cellulose  is  obtained  when  one  considers  the  rate  at  which  acid  is 
produced  by  the  reducing  action  of  filter  paper  extract  as  com- 
pared with  that  of  cane  sugar.  Even  when  relatively  very  large 
quantities  of  cane  sugar  are  added  to  silver  nitrate  solution 
the  neutrality  remains  practically  tmchanged  for  several  days,  as 
shown  by  the  iodeosine  test  described  in  a  later  section.  Less  than 
one  part  of  nitric  acid  in  a  million  is  formed  after  two  days,  whereas 
in  the  case  of  filter  paper  extract  more  than  1 2  parts  per  million 
of  nitric  acid  is  formed  in  2  hotus,  as  is  shown  in  table  II.  In 
other  words,  the  rate  of  reduction  by  filter  paper  extract  is  at  least 
three  hundred  times  greater  under  the  same  conditions  than  the 
rate  of  reduction  by  cane  sugar. 

3.  CSLLX7LOSB  NOT  RBADUT  DBCOMPOSSD  INTO  RXDUCINO  CABBOHTDRATBS 

The  question  at  once  arises:  How  does  cellulose  function  as  a 
stronger  reducing  agent  (tmder  the  conditions  named)  than 
other  carbohydrates  of  lower  molecular  weight,  such  as  cane 
sugar?  It  seemed  probable,  notwithstanding  the  generally 
greater  reactivity  of  the  simpler  carbohydrates,  that  in  the  pres- 
ent instance  the  cellulose  might  be  thus  easily  hydrolyzed,  to  a 
very  slight  extent  at  least,  into  reducing  carbohydrates  of  some 
kind.  The  concentrated  filter  paper  extracts  were  therefore 
carefully  examined  for  such  ** reducing  sugars"  by  the  usual 
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methods,  viz,  by  means  of  Fehling*s  solution  and  also  with  the 
polariscope,  but  with  negative  results.  Owing  to  the  well-known 
difficulty  of  standardizing  the  Fehling  test,  the  method  used  in 
the  present  case  is  described  somewhat  in  detail. 

It  had  been  observed  that  the  aqueous  extract  of  a  given 
weight  of  filter  paper  prepared  by  repeated  extraction  with  the 
same  portion  of  water  is  even  more  efl&cient  in  producing  striae 
than  the  filter  paper  itself;  consequently  it  seemed  probable  that 
the  reducing  carbohydrates  could  be  concentrated  in  this  manner. 
It  was  therefore  thought  best  to  test  such  aqueous  extracts  for 
** reducing  sugars'*  rather  than  to  apply  the  test  directly  to  the 
celltdose  fiber,  especially  since  the  separation  of  the  cuprous  oxide 
would  in  the  latter  case  not  be  complicated  by  the  presence  of  the 
celltdose  fibers.  Moreover,  solubility  in  water  is  a  characteristic 
property  of  the  "active**  material  (or  of  the  material  from  which 
it  is  formed) ,  so  that  the  test  upon  aqueous  extracts  would  have  a 
correspondingly  greater  significance. 

In  preparing  these  extracts  50  grams  of  the  filter  paper  was  cut 
into  small  pieces  about  a  centimeter  square,  placed  in  a  beaker, 
covered  with  300  cc  of  distilled  water,  and  kept  at  35*^  for  from 
ID  minutes  to  several  hours.  The  water  was  either  drained  oflf 
in  the  centrifuge  or  squeezed  out  with  thoroughly  cleansed  hands 
and  the  extract  filtered  through  a  sheet  of  the  same  kind  of  filter 
paper.  Usually  this  treatment  was  repeated  several  times  with 
the  same  portion  of  water  in  order  to  concentrate  the  ** active*' 
substance,  and  in  some  instances  large  volumes  of  the  extract  so 
prepared  were  evaporated  nearly  to  dryness  for  the  same  reason. 
These  extracts  were  rendered  very  faintly,  acid  by  the  addition  of 
from  I  to  ID  parts  of  nitric  acid  to  each  100  000  parts  of  extract 
and  allowed  to  stand  for  varying  lengths  of  time  before  being 
tested  for  reducing  carbohydrates.  The  amount  of  nitric  acid 
added  was  intended  to  be  slightly  in  excess  of  the  quantity  likely 
to  be  present  (due  to  hydrolysis)  in  10  per  cent  solutions  of  silver 
nitrate. 

With  the  filter  paper  extracts  prepared  as  described  above  and 
acidified  by  the  addition  of  a  few  parts  in  a  hundred  thousand  of 
nitric  acid,  we  were  unable  to  obtain  any  test  for  reducing  sugars 
either  by  means  of  the  polariscope  or  with  Ost*s  modification  of 
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the  Fehling  test."  In  several  instances  the  acidified  extracts  were 
allowed  to  stand  several  days  at  ordinary  temperature  before 
being  tested  in  order  to  allow  ample  time  for  any  hydrolytic  action 
which  might  take  place  (under  conditions  of  temperature  and 
concentration  of  acid  comparable  to  those  which  obtain  in  the 
filter  paper  voltameter)  to  complete  itself;  but  the  results  of  these 
tests  were  the  same  as  for  the  recently  acidified  extracts.  Extracts 
prepared  by  digesting  the  filter  paper  with  10  per  cent  solution  of 
silver  nitrate  likewise  gave  no  test  for  reducing  sugars.  Several 
trials  showed  that  a  few  parts  in  one  hundred  thousand  of  dex- 
trose, if  added  either  to  the  plain  aqueous  extracts  or  to  extracts 
containing  silver  nitrate,  cotdd  readily  be  detected  by  means  of 
Ost's  test.  The  polariscope  method  was  less  sensitive,  but  filter 
paper  extracts  to  which  a  part  in  ten  thousand  of  dextrose  had 
been  added  showed  a  very  small  but  appreciable  rotation  in  the 
polariscope.  (The  column  of  solution  examined  was  20  cm  in 
length  and  the  rotation  corresponded  to  approximately  0.03  per 
cent  of  cane  sugar  on  a  scale  calibrated  directly  in  percentages  of 
cane  sugar.) 

It  is  certain,  therefore,  that  if  dextrose  or  any  similar  sugar  is 
formed  in  the  filter  paper  voltameter  it  can  not  be  present  in 
amounts  greater  than  i  part  in  100  000.  The  limit  is  probably 
very  much  lower  than  this,  since  the  tests  were  made  on  much 
more  concentrated  extracts  than  are  normally  present  in  the 
filter  paper  voltameter. 

4.  MXCHAmSBC  OF  THB  RKDUCINO  ACTION  OF  CBZXUL08S  SZTKACTS-DXCOMPOSI- 

Tioif  nrro  furfuraldbhydb 

The  fact  that  these  filter  paper  extracts  do  not  exert  an  appre- 
ciable reducing  action  upon  Fehling's  solution  and  are  not  opti- 
cally active,  is  in  strong  contrast  with  their  very  vigorous  reducing 

**  of  the  mtmeroas  modifications  d  the  PdiBng  test,  best  results  were  obtained  with  Ost's  modificatioo 
(Chcmiker-Zeitung,  1%,  pp.  1784*  iBa9  and  1830),  using  a  solutkn  containing  only  x  gram  d  CuSOi+sHsO  per 
liter.  The  great  advantage  of  this  test  lies  in  the  greater  certainty  with  which  the  blank  determinations 
may  be  cootroUed.  nnce  no  weighable  precipitate  b  formed  upon  boifing  the  solution  for  ten  minutes,  even 
after  diluting  it  with  half  its  volume  of  water. 

In  carrying  out  the  test  for  reducing  sugars  with  this  reagent  50  cc  of  the  extract  and  zoo  cc  of  the  con>cr 
sohitioo  in  an  Brlenmeyer  flask  of  500  cc  capacity  was  quiddy  heated  and  maintained  at  the  boiling  tem- 
perature for  xo  minutes.  The  8(dution  was  then  quickly  cooled  under  the  tap.  filtered  through  an  asbestos 
Gooch,  in  the  usual  manner,  the  precipitate  wa^ed  snuxjsivdy  with  measured  volumes  of  zo  per 
cent  potassium  bicarbonate  solution,  hot  water,  alcohol,  and  ether,  dried  at  1  lo'C,  allowed  to  cool,  and  then 
weired.  The  weight  of  cuprous  oxide  was  diecked  by  washing  the  filter  with  dilute  nitric  add,  then 
with  water,  drying  and  wdghing  again.  In  some  instances,  as  a  further  dieck  upon  the  blank  tests,  the 
nitric  add  filtrate  was  tested  for  copper  with  ammonia.  It  was  found  possible  by  means  of  this  test  to 
detect  0.00Z  per  cent  of  dextrose  in  scJution  in  distilled  water. 
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action  upon  neutral  or  slightly  acid  silver  nitrate  solution  and 
further  emphasizes  the  radical  difference  in  the  behavior  of  these 
**  soluble  "  celltdoses  on  the  one  hand  and  of  the  simpler  carbohy- 
drates such  as  cane  sugar  and  starch  upon  the  other,  especially 
toward  silver  nitrate  solution.  Fiuthermore,  this  behavior  strongly 
indicates  that  the  decomposition  of  these  "soluble"  celluloses 
takes  place  in  an  entirely  different  manner  from  that  of  a  resolu- 
tion by  hydrol)rsis  into  hydrocelluloses  or  reducing  carbohydrates 
having  free  CO  groups,  as  is  the  case  with  cane  sugar  and  starch. 

The  conclusion  was  finally  reached  that  the  reducing  action 
upon  silver  nitrate  solution  takes  place  through  the  intermediate 
formation  of  furfiu^dehyde  (or  some  of  its  homologues).  This 
could  result  either  from  the  decomposition  of  pure  celltdose 
hydrates  or  possibly  from  the  closely  related  pentosans  which 
might  be  so  intimately  associated  or  combined  with  the  cellulose 
that  they  could  not  be  further  separated  from  pure  cellulose  by 
any  of  the  means  which  we  had  employed  for  extracting  the  soluble 
impurities  from  filter  paper. 

Furfuraldehyde,  when  present  in  solution  to  the  extent  of  o.i 
per  cent  or  less,  does  not  reduce  Ost's  modification  of  Fehling's 
solution  (with  10  minutes*  boiling)  to  any  appreciable  extent,  and 
hence  might  not  have  been  detected  in  the  tests  made  with  this 
reagent.  With  ordinary  Fehling's  solution  it  can  be  more  readily 
detected,  but  even  with  this  reagent  it  is  necessary  to  boil  the 
solution  for  a  much  longer  time  (a  half  hour)  to  insure  complete 
oxidation  of  the  aldehyde.*^  Being  optically  inactive  it  could  not 
be  detected  by  means  of  the  polariscope  test.  It  seemed  perfectly 
possible  therefore  that  furfural  might  have  been  present  in  the 
extracts  which  were  tested  for  "reducing  sugars"  and  yet  have 
escaped  detection  by  the  tests  used. 

We  were  aware  that  this  aldehyde  is  generally  regarded  as  a 
product  of  the  condensing  action  of  strong  acids  upon  pentoses 
only.  Since  pure  cotton  cellulose  (CeHioOg)  is  a  hexopolyose,  one 
would  not  expect  it  to  yield  fiufuraldehyde.  Indeed,  as  is  well 
known,  the  yield  of  furfuraldehyde  is  taken  as  the  indirect  meas- 

*f  This  difficulty  with  ordinary  Pehling's  solutioa  may  be  due  to  the  resinifyine  actioa  of  the  strooc 
■HcaU  upon  f  nxfural.  which  is  much  more  sensitive  to  this  effect  o(  alkalis  than  dextrose. 
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ure  of  the  amounts  of  certain  ** modified*'  or  **noncellulose"  con- 
stituents present  as  "impurities**  more  or  less  intimately  mixed 
or  combined  with  the  pure  cotton  cellulose. 

Examination  of  the  more  recent  literature  pertaining  to  this 
phase  of  the  chemistry  of  celltdose  disclosed  the  fact,  however, 
that  all  classes  of  celluloses,  hexopolyoses  as  well  bs  pentopolyoses 
(or  pentosans),  yield  furfural,  but  in  greatly  varying  amounts,  on 
treatment  with  strong  condensing  agents.  For  example,  Stuingar 
and  Tollens  (2s.  angew.  Chem.,  1897)  found  that  raw  cotton,  while 
containing  no  pentosans,  yet  yielded  very  slight  traces  of  f luf  ural 
as  one  of  the  products  of  acid  hydrolysis.  Therefore  it  seemed 
well  worth  while  to  test  various  filter  paper  extracts  to  determine 
whether  this  strongly  reducing  aldehyde  is  formed  under  condi- 
tions comparable  to  those  which  obtain  in  the  voltameter. 

5,  TBSTS  FOR  FURFURALDBHTDS 

The  test  employed  for  furfural  was  that  described  by  Forster 
(Ber.,  15,  320),  in  which  two-thirds  of  the  liquid  to  be  tested  is 
distilled  off,  the  distillate  extracted  three  times  with  chloroform, 
the  combined  extracts  evaporated  nearly  to  dryness,  taken  up 
with  a  little  alcohol,  and  tested  with  an  equal  volmne  of  a  mixture 
of  equal  parts  of  glacial  acetic  acid  and  redistilled,  colorless 
xylidine.  If  furfural  is  present,  a  red  color  develops.  The  first 
tests  for  furfural  in  acidified  filter  paper  extracts  were  made  in 
November,  1909.  About  20  grams  of  Schleicher  and  Schflll  filter 
paper  (No.  595)  was  extracted  with  300  cc  distilled  water  in  the 
manner  described  on  page  253.  This  was  acidified  by  the  addition 
of  approximately  aoi  per  cent  of  nitric  acid  and  allowed  to  stand 
overnight  before  distilling.  The  amount  of  nitric  acid  added  was 
intended  to  be  no  greater  than  that  probably  present  in  pure  sil- 
ver nitrate  solutions  due  to  slight  hydrolysis.  When  tested  in  the 
way  described  above,  these  distillates  showed  very  distinctly  the 
presence  of  furfural.  In  later  experiments  an  attempt  was  made 
to  form  an  estimate  of  the  amounts  of  furfural  which  could  be 
obtained  under  these  exceedingly  mild  conditions  from  definite 
weights  of  filter  paper  and  also  the  effect  of  various  treatments  of 
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filter  paper  upon  the  yield.  These  tests  were  carried  out  accord- 
ing to  the  method  adopted  by  the  Association  of  OfiScial  Agricul- 
tural Chemists  for  the  estimation  of  furfural  in  distilled  liquors 
(Bull.  No.  107,  U.  S.  Department  of  Agrictdture,  p.  96). 

In  each  of  these  tests  50  grams  of  the  filter  paper  to  be  tested 
was  digested  with  350  cc  of  water  for  30  minutes  at  a  temperature 
of  35®.  The  extract  was  acidified  by  the  addition  of  approxi- 
mately o.oi  per  cent  of  nitric  acid,  and  after  being  allowed  to 
stand  for  vaiying  lengths  of  time  200  cc  was  distilled  oflf .  Of  this 
distillate,  50  cc  was  tested  directly  with  2  cc  of  colorless  xylidine 
and  0.5  cc  of  hydrochloric  acid  (sp.  gr.  1.12)  and  kept  for  15  min- 
utes in  a  water  bath  at  about  15*^  C.  The  estimation  was  made 
by  comparing  the  intensity  of  the  color  developed  with  that 
obtained  from  standard  solutions  of  fmfural  of  known  strength 
tested  in  the  same  manner.  The  solutions  and  reagents  were 
always  cooled  to  the  same  temperature  before  mixing,  and  blank 
tests  with  distilled  water  were  carried  out  as  checks  upon  the 
purity  of  the  reagents  used.  The  color  develops  in  from  5  to  15 
minutes,  after  which  it  may  fade  or  the  blank  may  show  a  brown- 
ish red  color.  It  was  found  to  be  advantageous  to  make  the  test 
(as  described)  without  the  use  of  alcohol,  which  had  a  tendency 
to  give  a  yellow  color  which  partially  masked  the  red.  In  fact,  in 
several  instances  tests  which  showed  bright  red  color  without  the 
alcohol  turned  yellow  upon  the  addition  of  alcohol.  This  was 
probably  due  to  the  more  complete  solution  by  the  alcohol  of 
coloring  matter  (oxycelluloses  ?)  present. 

The  results  obtained  with  different  samples  of  filter  paper  after 
having  been  subjected  to  various  treatments  intended  to  remove 
impurities  are  tabtdated  in  Table  III,  following. 
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TABLE  m 

Showing  Yield  of  Furfuialdehyde  from  Filter  Paper 
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The  yield  of  furfural  is  expressed  in  milligrams  obtained  from 
50  grams  of  dry  filter  paper  when  treated  in  the  manner  described. 

These  experiments  show  conclusively  that  fiufuraldehyde  is 
formed  by  the  action  of  nitric  acid  of  a  concentration  comparable 
to  that  probably  present  in  1 5  per  cent  silver  nitrate  solution  due 
to  hydrolysis.  Treatment  with  concentrated  hydrochloric  acid  as 
in  the  standard  methods  used  in  estimating  the  furfural  constitu- 
ents of  celltdose  would  undoubtedly  yield  much  larger  amounts. 
But  this  of  course  was  not  the  object  of  the  present  tests. 

The  amoimts  of  fmf ural  obtained  by  the  methods  in  the  fore- 
going tests  are  of  course  not  to  be  considered  as  an  accurate 
measiu^e  of  the  total  quantities  which  can  be  formed  by  the  action 
of  silver  nitrate  in  the  voltameter,  for  the  conditions,  while  as 
nearly  alike  as  it  was  possible  to  make  them,  are  yet  dissimilar 
in  some  important  respects.  Under  actual  conditions  the  fur- 
fural may  be  removed  from  the  field  of  action  as  rapidly  as  it  is 
formed  by  interaction  with  silver  nitrate.  Thus  the  condition  of 
equilibrium  existing  between  the  soluble  celltdose  product  and 
furfural  would  continually  be  disturbed  so  that  more  furfural 
would  be  formed.  The  amounts  obtained  from  acidified  aqueous 
extracts  would  therefore  probably  be  far  less  than  the  amounts 
formed  by  the  action  of  silver  nitrate  imder  the  same  conditions. 
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When  furfural  reduces  silver  nitrate,  it  is  itself  of  course  oxidized 
to  p3rromucic  acid.**  The  presence  of  pyromucic  acid  (or  its 
derivatives)  in  silver  nitrate  solutions  which  have  been  partially 
reduced  to  metallic  silver  by  filter  paper  extracts  would  constitute, 
therefore,  the  most  direct  evidence  possible  to  obtain  that  the 
reduction  had  been  brought  about  primarily  by  the  decomposition 
of  the  filter  paper  into  furfuraldehyde.  We  have  made  a  few 
preliminary  qualitative  tests  for  this  acid,  but  those  so  far 
employed  do  not  appear  to  be  sensitive  enough  for  the  present 
case,  so  that  a  complete  isolation  of  the  acid  seems  to  be 
necessary.** 

In  this  connection  the  decomposition  products  of  furfural  itself 
when  treated  with  silver  nitrate  should  be  examined. 

L  SFIECTS  OF  FURFURALDBHTDB  IH  TSB  VOLTAMBTSR 

When  testing  the  effects  produced  by  the  addition  of  strong 
reducing  agents  to  the  electrol5rte  we  had  observed  that,  of  all 
the  aldehydes  tried,  furfural  seemed  to  be  the  most  efScient  in 
imparting  a  striated  appearance  to  the  electro-deposited  silver. 
(Fig.  25).  These  results  were  obtained  with  KaJilbaum*s  c  p 
furfural  from  freshly  opened,  hermetically  sealed,  glass  btdbs. 
With  redistilled  furfural  the  effects  were  not  so  pronounced. 
Repeated  tests  showed  that  the  dark  colored  pol)nnerized  f mf  ural 
was  most  effective  in  reproducing  the  effects  caused  by  filter  paper. 
In  one  experiment  a  sample  contained  in  a  sealed  glass  bulb  was 
heated  in  water  contained  in  a  glass  beaker  for  several  days  while 
exposed  to  strong  stmlight  imtil  it  had  become  quite  dark  and 
viscous.  An  electrolyte  containing  one  one-thousandth  of  i  per 
cent  of  this  pol5rmerized  furfural  when  electtolyzed  gave  a  strongly 
striated  deposit  similar  in  all  respects  to  that  obtained  in  the 
filter  paper  voltameter.  In  fact  the  deposit  could  not  be  dis- 
tingttished  from  that  obtained  from  a  Rayleigh  voltameter. 
Under  the  microscope  the  deposit  had  the  noncrystalline  "  lava 
like*'  appearance  so  characteristic  of   deposits   obtained   from 

**  One  of  the  standard  methods  for  preparing  pyromudc  acid  is  to  ojddize  furfural  with  moist  silver  oxide. 

*  We  hope  to  be  able  to  return  to  this  phase  of  the  questioa  in  the  near  future,  not  only  because  of  its 
bearing  upon  the  voltameter  problem,  but  more  eq>ecially  because  of  its  relation  to  the  chemistry  of 
cellulose. 
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electrolj^es  strongly  contaminated  with  filter  paper.  Just  why 
this  polymerized  furfural  should  give  more  pronounced  effects 
than  the  redistilled  Uquid  was  not  quite  clear.  However,  it  did 
not  seem  improbable  that  the  fvuitu-al  formed  from  filter  paper 
(asstmiing  this  actually  occtured)  would  be  in  a  similar  physical 
state  (i.  e.,  pol3anerized  or  condensed)  when  first  formed.  In  this 
connection  it  may  be  well  to  mention  the  fact  that  a  very  dilute 
solution  of  pol5rmerized  or  **metafvu-furaJ''  has  a  Ught  yellow 
color  exactly  similar  to  that  of  concentrated  filter  paper  extracts. 
However,  we  do  not  wish  to  place  emphasis  upon  this  circmn- 
stance,  but  it  imdoubtedly  indicates  a  close  relationship  of  both 
furfural  and  the  filter  paper  extract  to  the  oxycelluloses.  This 
subject  will  be  referred  to  again  in  the  next  section. 

J.  spontahbous  decomposition  of  cellulosb  into  oxtcellu- 

LOSB  AND  THE  RELATION  OF  OXTCELLULOSE  TO  FURFURALD^IYDE 

The  e£Fects  of  the  various  treatments  of  the  filter  paper  upon 
the  yield  of  furfural  obtained  from  the  aqueous  extracts  indicate 
that  the  soluble  substances  which  yield  furfural  can  be  removed 
from  the  filter  paper  by  extracting  with  water  or  more  eflfectively 
with  caustic  alkali.  These  soluble  furfural-yielding  substances  are 
formed  again,  however,  if  the  filter  paper  is  allowed  to  stand  for 
some  time  before  a  second  extraction.  In  the  experiment 
described  on  page  231,  the  filter  paper  was  subjected  to  repeated 
treatments  with  water  to  completely  extract  the  "active  sub- 
stance "  (which  we  then  thought  must  be  present  as  an  impurity), 
but  it  was  found  that  this  treatment  apparently  had  no  eflfect 
upon  the  activity  of  the  filter  paper  in  the  voltameter.  This  result 
was  no  doubt  due  to  the  fact  that  the  extracted  filter  paper  had 
been  allowed  to  stand  several  days  to  dry  before  again  testing  its 
eflfect  in  the  voltameter. 

This  behavior  of  thoroughly  extracted  filter  paper  on  standing 
exposed  to  ordinary  conditions  has  been  observed  a  great  many 
times.  If  the  extracted  paper  has  stood  four  or  five  months  the 
extract  then  is  even  more  strongly  colored  (yellow)  than  the 
original  extract  and  possesses  all  the  other  properties  of  the  first 
extract  to  the  same  or  even  greater  degree;  it  reduces  silver 
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nitrate  to  colloidal  silva:  quite  as  readily,  yields  furfural  when 
distilled  with  very  dilute  nitric  acid,  and  shows  the  basic  reaction 
with  iodeosine  and  methyl  orange.  If  after  the  first  thorough 
extraction  the  moist  ptdp  is  again  extracted  within  two  or  three 
days,  the  washings  are  then  not  so  strongly  colored  as  in  the  first 
case,  but  are  even  more  basic  and  quite  as  strongly  reducing 
toward  silver  nitrate.  In  one  case  the  second  extract  (made  two 
months  after  the  first  treatment)  was  7  parts  per  million  basic, 
whereas  the  first  extract  made  in  the  same  manner  was  only  1.8 
parts  per  million  basic.  The  relation  between  these  properties 
and  the  amounts  of  soluble  soUds  extracted  under  varying  treat- 
ments is  an  interesting  field  which  we  hope  to  investigate  fxuHier 
at  some  future  time. 

The  foregoing  observations  indicate  that  the  soluble  furfural- 
yielding  substances  are  formed  by  a  spontaneous  decomposition 
of  the  cellulose,  due  perhaps  to  slow  oxidation  in  the  air  or  to 
fermentation  or  to  both  causes  combined,  the  final  result  being 
the  formation  of  oxycelluloses,  as  is  shown  both  by  the  readiness 
with  which  the  extracted  material  yields  fmfural  when  distilled 
with  dilute  acid  and  also  by  the  yellow  color  of  the  aqueous 
extracts  and  especially  of  the  alkaline  extracts. 

The  spontaneous  decomposition  takes  place  only  to  a  limited 
extent  and  seems  to  be  confined  mostly  to  the  surface  of  the  fibers. 

Undoubtedly  the  physical  structure  of  cotton  cellulose,  offering 
as  it  does  an  enormous  svuiace  for  the  action  of  atmospheric 
oxygen,  explains  in  part  at  least  this  tendency  of  filter  paper  to 
become  superficially  oxidized.  In  this  connection,  it  should  be 
mentioned  that  Forster  has  observed  the  similar  decomposition 
of  cane  sugar  into  fiufural  by  the  action  of  very  dilute  acids,  and 
it  seems  entirely  probable  that  in  this  case  also  the  decompo- 
sition into  ftufural  is  rendered  possible  by  a  previous  slight 
oxidation  of  the  sugar — a  process  which  probably  takes  place 
much  more  slowly  and  to  a  less  extent  than  in  the  case  of  cot- 
ton cellulose,  owing  to  the  difference  in  surface  conditions;  hence 
the  greater  activity  of  celltdose  in  the  voltameter.  This  sponta- 
neous decomposition  of  cellulose  probably  accounts  also  for  the 


262  Bulletin  of  the  Bureau  of  Standards  iva.  9 

testtlts  of  Suringer  and  ToUens  in  obtaining  furfural  from  pure 
hexopolyoses.^ 

Before  leaving  this  phase  of  the  problem  it  is  desired  to  again 
emphasize  the  striking  similarities  between  solutions  of  poly- 
merized or  condensed  furfural  and  concentrated  filter  papa*  ex- 
tracts (oxycellulose) ,  especially  as  regards  their  action  in  the  vol- 
tameter. These  effects  were  so  similar  that  this  fact  alone  was 
at  the  time  considered  sufficient  evidence  that  the  effects  of  filta" 
paper  were  due  entirely  to  furfural.  In  addition  it  should  be 
stated  that  when  silver  nitrate  is  added  to  such  furfural  solutions 
colloidal  silver  hydrosols  are  obtained  which  are  exactly  similar 
in  color  and  other  properties  to  those  prepared  with  filter  paper 
extract.  When  these  facts  are  considered  in  connection  with  the 
fact  that  furfural  is  so  readily  formed  from  these  filter  paper  ex- 
tracts, the  similarities  between  these  two  substances  certainly  ap- 
pear to  be  more  than  a  coincidence  and  indicate  a  very  close  rela- 
tionship in  their  chemical  constitution.  The  one  important  dis- 
similarity is  their  reaction  toward  indicators — oxycellulose  show- 
ing a  well-marked  basic  reaction  toward  both  methylorange  and 
iodeosine,  whereas  polymerized  furftu'al  is  neutral  or  faintly  acid 
toward  the  same  indicators.  However^  it  shotdd  be  stated  in 
this  connection  that  upon  electrolysis  we  have  recently  found  that 
oxycellulose  is  decomposed  into  equivalent  amounts  of  an  acid 

^  Many  well-known  facts  are  in  accord  with  the  forecoing  views,  that  the  decompositioa  ol  pure  cotton 
5^tiina^  into  f ufforalddiydc  takes  place  throucfa  the  intermediate  formation  of  ozyceUulose.  A  few  of 
these  facts  may  be  mentioned  at  this  point:  (i)  The  yield  of  furfural  is  used  as  an  approximate  measure 
of  the  oxygen  in  oxycelluloses  in  excess  of  that  indicated  by  the  formula  CsHuOt  as  detennined  by  elemen- 
tary analfsis.  (a)  All  carbohydrates,  inchiding  Iftxoses  and  polyoses  derived  from  them,  yidd  laroe 
amounts  of  furfural  when  treated  with  concentrated  sulphuric  add,  whidi  is  a  strong  oxidiring  as  well  as 
a  strong  hydrolytic  agent.    This  decomposition  is  not  brought  about  by  nonoxidiring  adds,  e.  g.,  HCL 

(3)  Hcxoaes  can  be  aridirfd  first  to  the  corrcqwnding  acid,  then  by  means  of  HsOs  to  a  pentose  wMdi 
decomposes  directly  into  furfural  by  the  condensing  action  of  HCl,  the  reactions  involved  being  expressed 
by  the  following  equations: 

CHsOH(CHOH)4CHO+0-CHflOH(CHOH)4COOH 
hexoee  corresponding  acid 

CHi0H(CH0H)4C00H+0-CHfl0H(CH0H)tCH0-l-C0i+Ht0 

pentose 

(4)  Levukse  (a  kcto4icK0se)  is  converted  directly  into  a  derivative  of  fuifural  by  treatment  with  anhy- 
drous hydrobromic  add,  which  is  both  a  very  strong  condensing  acid  and  a  strong  oxidiring  agent. 

In  general,  the  conversioa  of  either  a  simple  hcxose  or  a  hexopolyose,  such  as  cotton  ceOulose  or  cane 
■ajar,  into  f urfuml  or  its  derivatives  by  the  condensing  action  of  adds  seems  to  be  conditioned  by  a  previous 
CTri*<a»«^  of  the  carbohydrate.  The  medianism  of  this  decomposition  may  be  as  indicated  in  (3)  above. 
However,  it  is  not  necessary  to  assume  that  a  pentose  is  actoally  formed,  for  the  three  processes— hydroS- 
ysis  to  hcxose,  oxidation  to  pentose  (accompanied  by  elimination  of  water),  and  finally  the  condensation 
of  the  pentose  to  furfural— may  be  In  the  end  equivalent  to  oxidation  and  condensation,  so  that  complete 
hydrolysis  need  net  take  place. 
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variety  and  a  basic  variety,  both  of  which  retain  their  colloidal 
character  and  reducing  power  toward  silver  nitrate. 

HL  STRIATIONS  AND  THEIR  EXPLANATION 

A.  INTRODUCTION 

During  the  interval  between  September  22  and  December  17, 
1909,  a  large  number  of  qualitative  experiments  were  conducted, 
and  the  chemistry  of  the  silver  voltameter  further  studied. 
Among  other  things,  we  studied  the  question  as  to  what  causes  the 
striae  in  a  filter  paper  voltameter,  or  in  a  deposit  which  is  made 
from  a  solution  that  has  been  contaminated  by  filter  paper  extract, 
or  by  Imen,  cotton,  wood  fiber,  or  certain  other  substances. 
Striae  have  been  observed  in  silver  voltameter  deposits  by  a  great 
many  observers,  ever  since  the  experiments  of  Kirmis  published 
in  1876.  Few  observers  have  ever  hazarded  an  opinion  as  to  their 
cause,  and  no  one  has  given  a  satisfactory  explanation  of  their 
production.  We  have  confirmed  the  observations  of  Smith  that 
the  presence  of  striae  is  evidence  of  an  impure  electrol5rte,  which 
is  quite  contrary  to  the  opinions  of  earlier  observers,  who  believed 
striae  were  always  present. 

Before  describing  our  own  experiments,  however,  we  shall 
describe  briefly  some  of  the  previous  work  on  the  subject. 

B.  EARLY  WORK 

1. 


In  1876  Kirmis  undertook  some  experiments  on  the  migration 
of  tne  ions  at  the  University  of  Berlin  upon  the  suggestion  of 
Helmholtz,  in  which  he  employed  a  silver  voltameter  to  measure 
the  quantity  of  electricity  passing  through  his  apparatus.  His 
attention  was  drawn  to  the  various  forms  in  which  silver  is  depos- 
ited out  of  a  silver  nitrate  solution,  and  he  described  some  of  these 
forms  in  a  separate  paper.**  Well-marked  striae  appeared  on  the 
bottom  of  the  cylindrical  vessel  radiating  from  a  center  immedi- 
ately under  the  pointed  anode,  and  these  lines  extended  up  the 
sides  of  the  vessel  as  parallel  lines  at  a  constant  distance  from  one 

another.     He  made  a  large  number  of  experiments,  varying  the 

^»»^^^-^-»^^— — ^^— — ^i— — ^— ■^— ^^— — ^— »— ^■^— ^^^^^—      ^^^^^1^1^— ^— ^^— 1^^— ^— ^^^»^»— — ^i^p— ^p— ^^— ^^— ^^^.^^^i^-^— ^ 

^  Pogg.  Ann..  1S8.  p.  xax,  1876. 
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strength  of  current,  duration  of  the  deposit,  concentration  of  the 
electrolyte,  and  total  electromotive  force  in  the  circuit.  He  found 
the  best  restdts  with  5  to  10  per  cent  solutions  of  AgNO,,  current 
not  greater  than  sufficient  to  deposit  0.28  mg  of  silver  per  minute 
per  sq.  cm,  and  a  sharp-pointed  anode.  He  also  thought  a  high 
voltage  an  advantage,  even  if  the  ciurent  were  unchanged.  He 
does  not  offer  any  explanation  of  the  cause  of  striations,  but  says 
that  the  asstunption  that  they  are  caused  by  cmrents  in  the  elec- 
trolyte is  not  very  probable,  the  regularity  of  spacing  seeming  to 
offer  a  serious  difficulty  to  this  view. 

2.  BBHN 

In  1894  Behn  published  an  elaborate  paper  ^  on  the  subject  of 
striated  deposits  m  the  sUver  voltameter.  This  work  was  done 
under  the  direction  of  Kimdt  and,  Hke  that  of  Kirmis,  was  carried 
out  at  the  University  of  BerUn.  He  studied  very  carefully  the 
conditions  under  which  striations  occur,  and  sought  for  an  explana- 
tion of  the  cause  of  striations.  He  first  used  a  platintmi  crucible 
as  a  cathode  and  a  vertical  rod  (pointed  at  the  bottom)  as  an 
anode.  No  filter  paper  or  other  substance  surrounded  the  anode, 
and  no  glass  or  other  dish  was  placed  under  it.  A  25  per  cent  solu- 
tion of  silver  nitrate  was  used  as  electrolyte.  With  a  single  accu- 
mulator as  a  source  of  cturent  he  passed  o.  i  ampere  for  one  hotu- 
through  the  voltameter,  and  obtained  a  well-marked  striation  of 
the  deposit,  as  Kirmis  had  obtained.  He  therefore  concluded 
that  a  high  electromotive  force  was  unnecessary  if  the  resistance 
of  the  circuit  was  not  large. 

In  order  to  photograph  the  deposits  easily  he  replaced  the  plat- 
inum crucible  by  a  cylindrical  glass  cup  lined  with  sheet  platinum, 
a  disk  of  platintun  covering  the  bottom  and  a  long  strip  of  platinum 
bent  into  a  circle  forming  a  lining  to  the  walls  of  the  cup.  After 
a  deposit  was  made  using  the  sheet  platinimi  as  a  cathode  the 
latter  was  removed  from  the  cup  and  laid  out  flat  and  photo- 
graphed. Nimierous  pictures  of  deposits  are  given  by  Behn, 
which  agree  in  appearance  with  some  of  the  deposits  made  by 
ourselves.     Behn  found  (confirming  Kirmis)  that  the  striae  radiate 

*  Wied.  Ann.,  61,  p.  105, 1894. 
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from  the  point  at  the  bottom  of  the  cup  under  the  anode,  and  are 
vertical  on  the  sides  of  the  cup.  That  the  direction  of  these  striae 
was  determined  by  the  convection  currents  circtdating  in  the  elec- 
trolyte, he  showed  by  numerous  ingenious  experiments.  First 
of  all,  he  made  a  special  voltameter  cell  with  parallel  walls  of  glass, 
a  section  of  which  is  shown  in  Fig.  27,  which  permitted  seeing  the 
convection  currents  while  the  electric  cturent  was  flowing  and  the 
striated  deposit  was  forming.  The  cathode  was  a  strip  of  sheet 
platintun  bent  into  a  semicircle.  As  soon  as  the  current  begins 
the  electrol5rte  around  the  anode  begins  to  increase  in  density, 
whereas  the  electrolyte  on  the  surface  of  the  cathode  decreases  in 
density.  Hence  convection  currents  are  set  up,  as  shown  in  the 
figure,  which  are  the  more  rapid  as  the  ciurent  is  stronger.  The 
direction  of  these  currents  is  precisely  the  same  as  the  direction 
of  the  resulting  striae.  This  was  found  to  be  true  when  the  cell 
was  closed  at  the  top  and  turned  on  its  side ;  the  striae  changed  in 
position  to  correspond  with  the  new  course  of  the  convection  cur- 
rents. When,  however,  the  cathode  was  horizontal  and  at  the 
top  of  the  cell  and  the  anode  at  the  bottom,  so  that  the  heavy 
anode  liquid  remained  at  the  bottom  and  the  impoverished  cathode 
liquid  collected  at  the  top,  there  were  no  appreciable  convection 
currents  and  no  strice  appeared  in  the  deposited  silver.  It  was 
therefore  clear  that  the  direction  of  the  striae  was  determined  by 
the  direction  of  the  convection  currents,  and  that  striae  could  not 
occtir  in  the  absence  of  convection  currents.  Why  this  was  so 
and  what  was  the  primary  cause  of  striations  was  a  question  Behn 
studied  carefully,  but  cotdd  not  answer  satisfactorily  to  himself. 
He  did,  however,  venttire  a  suggestion.  He  says:  "  But  how  the 
striae  arise  is  by  far  harder  to  answer.  Apparently  the  flow  in  the 
liquid  hinders  the  deposit  of  silver  crystals.  At  first,  the  latter 
deposit  themselves  on  the  smooth  siurf  ace  in  a  completely  irregular 
manner.  Through  these  hindrances  the  current  of  liquid  upon 
the  cathode  is  split  up  into  separate  filaments  and  now  the  deposit 
takes  place  almost  exclusively  between  each  pair  of  such  filaments. 
However,  this  is  only  an  attempt  at  an  explanation." 

Behn  "  attempted  to  learn  by  the  aid  of  a  microscope  the  manner 
in  which  the  silver  crystals  which  deposit  out  at  first  irregularly 
arrange  themselves  in  striae.     This  did  not,  however,  succeed. 
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It  is  probable  that  the  crystals  thrown  down  later  deposit  them- 
selves in  the  shelter  of  those  deposited  earlier,  that  is,  behind  the 
first  with  respect  to  the  direction  of  flow."  This  is  of  course  no 
explanation  of  the  phenomenon. 

Behn  also  investigated  the  effect  of  varjring  the  concentration 
of  the  electrolyte  and  the  density  of  the  electric  current.  He 
found  the  striae  more  distinct  and  farther  apart  in  the  more  con- 
centrated solutions,  and  more  distinct  with  smaller  current  density 
at  the  cathode  than  with  larger.  With  increasing  temperature  the 
striations  become  more  distinct,  and  with  purer  solutions  less 
distinct.  He  was  siuprised  at  the  change  in  the  striae  due  to  very 
small  imptuities  in  the  electrol3rte,  but  apparently  did  not  obtain 
deposits  entirely  free  from  striations. 

3.  SMTTH,  MATHBR,  AHD  LOWRT 

Smith,  Mather,  and  Lowry  *•  in  their  work  published  in  1908 
gave  considerable  attention  to  the  subject  of  striations.  They 
observed,  as  others  have  done  before  them,  that  with  pure  electro- 
l3rte  striae  do  not  appear  in  the  Richards  form  of  voltameter.  Also 
with  pure  AgNO,  in  the  Rayleigh  voltameter  as  they  employed 
it  the  striae  were  faint  or  absent.  They  regarded  striae  as  evidence 
of  an  impure  electrol)rte,  and  attempted  to  explain  the  greater 
tendency  for  striae  to  appear  in  the  Rayleigh  voltameter  than  in 
the  Richards  type,  by  a  difference  in  the  convection  currents. 
They  varied  the  concentration  and  the  density  of  the  electric  cur- 
rent at  the  cathode  and  confirmed  Behn's  observations  as  to  the 
marked  differences  in  the  striation  produced  thereby.  After  giving 
a  careful  description  of  the  convection  ciurents  arising  from  the 
differences  of  pressure  due  to  the  heavy  anode  liquid  in  the  center 
of  the  voltameter  and  the  lighter  cathode  liquid  adjacent  to  the 
outer  walls  of  the  platinum  dish,  they  give  the  following  statement 
of  their  interpretation  of  the  observed  effects : 

We  interpret  these  results  in  the  following  manner:  The  film  of  liquid  in  contact 
with  the  cathode  has  a  greater  mean  thickness  in  the  i>^  per  cent  solution  than  in  the 
15  per  cent  solution.  This  follows  because  the  rate  of  deposition  of  silver  is  the  same 
in  each  voltameter.  If  the  film  is  very  thin,  it  is  unstable  and  breaks  up  into  cylindri- 
cal columns  of  liquid.  Hence,  in  contact  with  the  cathode  stuface  there  are  columns 
of  liquid  of  low  concentration,  and  in  between  these  the  electroljrte  is  of  approximately 
normal  concentration.    The  latter  has  the  higher  conductivity,  and  since  in  addition 

•  Phil.  Trans.  S07,  p.  546. 
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there  is  an  B.  M.  F.  acting  from  the  columns  of  low  concentration  toward  the  main 
body  of  the  electrolyte,  the  current  will  pass  into  the  cathode  through  the  liquid  in 
between  the  columns.  Immediately  the  concentration  falls  and  possibly  the  resultant 
liquid  of  small  density  is  pulled  into  the  columns  of  low  concentration .  If  our  assump- 
tions are  correcti  an  increase  in  the  current  should  result  in  the  cathode  film  becoming 
thicker  and  more  stable,  and  when  it  is  sufficiently  stable  to  remain  as  a  film  a  striated 
deposit  should  not  be  formed.    This  was  tested  by  experiment  and  fotmd  to  be  so. 

The  following  table  indicates  the  results.    All  the  solutions  were  pure,  and  the  same 
volume  of  electrolyte  (350  cc)  was  taken  in  each  case. 
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10 
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&o 
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It  appears  that  for  solutions  of  all  concentrations  striated  deposits  are  obtained  for 
small  current  densities  at  the  cathode,  and  matte  deposits  for  very  large  current 
densities. 

We  may  now  compare  the  changes  in  the  Rayleigh  and  Richards  forms  of  voltameter. 
In  the  latter  case  there  is  no  descending  anode  liquid,  and  there  will  be,  therefore,  less 
tendency  for  a  star-like  deposit  to  be  formed  on  the  base  of  the  bowL  In  our  own  form 
of  Richards  voltameter  the  volume  of  cathode  liquid  was  in  general  about  250  cc,  and 
dtuing  eIectrol3rsis  the  mean  concentration  of  the  solution  must  have  diminished  from 
15  to  10.6  per  cent.  The  mean  concentration  of  the  electrolyte  in  the  Rayleigh  form 
remains  constant  and,  in  consequence,  for  the  same  current  density  stris  were  pro- 
duced in  the  Rayleigh  fcnm  when  they  were  absent  in  the  Richards  form.  This 
effect  has  also  been  observed  by  (juthe**  and  by  van  Dijk.**  In  the  Richards  form,  as 
employed  by  the  latter  observer,  the  cathode  liquid  consisted  of  about  30  cc  of  a  20  per 
cent  solution,  and  at  times  nearly  3  grams  of  silver  were  deposited,  the  concen- 
tration being  thus  reduced  to  about  4.3  per  cent.  Professor  van  Dijk  observed  little 
or  no  stris  in  the  Richards  form,  but  marked  stris  in  the  Rayleigh  form. 

It  will  be  observed  that  the  explanation  of  Smith,  Mather,  and 
Lowry  is  similar  to  that  of  Behn  in  supposing  that  the  electrolyte 
next  to  the  cathode  surface  is  split  up  into  columns  or  filaments. 

**  Pliys.  Rev.,  19,  p.  147;  1904. 
«  Ann.  dcr  Phys.,  19.  p.  371;  1906. 
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Behn  supposes  this  to  be  due  to  the  crystals  themselves,  and  that 
the  silver  deposits  out  after  this  condition  is  established  chiefly 
between  the  filaments,  thus  causing  the  more  or  less  distinct 
ridges  of  silver  which  constitute  striae. 

Smith,  Mather,  and  Lowry,  however,  suppose  that  if  the  film  of 
low  concentration  in  contact  with  the  cathode  is  very  thin,  as 
when  the  body  of  the  electrolyte  is  of  relatively  high  concentration, 
"it  is  tmstable,  and  breaks  up  into  cylindrical  columns  of  liquid," 
and  that  these  columns  of  low  concentration  are  interspersed  regu- 
larly with  coltunns  of  high  concentration  and  that  the  ctirrent 
enters  the  cathode  through  the  latter.**  This  gives  rise  to  the 
ridges  of  silver  constituting  the  striae,  the  spacing  between  which 
give  a  meastu^  of  the  width  of  the  columns. 

This  explanation  is  unsatisfactory  for  several  reasons : 

1 .  The  existence  of  separate  coltunns  of  liquid  of  different  con- 
centrations, or  of  the  same  concentration  (Behn),  is  an  assumption 
for  which  there  is  no  satisfactory  evidence. 

2.  The  striae  disappear  completely  when  the  electrolyte  is  pure, 
and  the  existence  of  the  coliunns  of  electrolyte  assumed  by  Behn 
and  Smith,  Mather,  and  Lowry  b  in  no  way  dependent  upon  the 
slight  impurities  which  are  essential  to  striations. 

3.  It  is  impossible  to  conceive  coltunns  of  liquids  of  so  small  lat- 
eral dimensions  as  the  distance  between  striae  maintaining  them- 
selves intact,  with  other  columns  between  them  of  greatly  different 
concentration;  especially  since  the  silver  is  supposed  to  deposit 
out  of  the  columns  of  high  concentration,  which  ** immediately" 
reduces  the  concentration.  How  these  depleted  columns  could 
have  their  concentration  suddenly  restored  in  order  to  keep  up  the 
process  is  impossible  to  imagine. 

4.  The  lack  of  striae  in  the  Richards  voltameter  is  not  due  to  the 
hindrance  which  the  porous  cup  offers  to  the  convection  currents, 
as  Smith,  Mather,  and  Lowry  suppose.  For  if  the  porous  cup  be 
removed  and  no  filter  paper  or  any  septum  employed  in  its  place 
the  striae  are  still  absent,  supposing  ptu-e  electrolyte  to  be  em- 
ployed. We  have  demonstrated  this  repeatedly,  and  give  in  Fig. 
28  a  picture  of  such  a  deposit. 

M  See  paragraph  quoted  above,  p.  267. 


MinZla^]  The  Silver  Voltameter  269 


Fig.  27. — Behn*s  special  cell  with  semicircular  cathode  and  parallel  ^ass  waffs 

Fig.  28. — Unstriated  deposit  made  in  voltameter  without  septum 

Fig.  29. — Parallel  vertical  striae  on  side  of  disk,    X  8 

Fig.  30. — Striations  radiatinfr  from  point  of  discharge  of  a  contaminated  electrolyte 

Fig.  31. — Spiral  striae  due  to  rotating  the  cathode  in  a  contaminated  electrolyte,  natural  size 

Fig.  32. — Striae  growing  horizontally  from  edge  of  stationary  cathode,  due  to  rotation  of  the 
electrolyte  around  it,     X  8 

Fig.  33. — Noncrystalline,  slightly  striated  deposit  on  under  side  of  cathode  inclined  25^  to  the 
horizontal,    X  16 

Fig.  34. — Noncrystalline,  nonstriated  deposit  on  under  side  of  horizontal  cathode,    X  16 

Fig.  35. — Spiral  striae  forced  from  a  pure  electrolyte  by  rotation  of  the  cathode,  natural  size 

Figs.  36,  37,  38. — Showing  that  ^e  ^Hieing  of  the  striae  is  dependent  on  ^e  cathode  curren 

density;  currents  0,044, 0,0075,  0,00 10  ampere  per  sq,  cm,  respectively 
X5 
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We  were  therefore  driven  to  the  conclusion  that  the  cause  of 
striae  is  something  entirely  different  from  what  has  been  sug- 
gested, and  we  made  a  large  number  of  experiments  before  we 
arrived  at  what  we  believe  to  be  the  true  Explanation.  Before 
stating  our"  theory  of  striae,  however,  we  shall  prepare  the  way  by 
describing  some  of  these  experiments,  which  were  for  the  most 
part  completed  before  we  were  aware  of  the  work  by  Kirmis  and 
Behn.  We  have  confirmed  most  of  Behn's  results,  but  have  made 
many  additional  experiments  of  a  different  character. 

C.  BlPSRIMElfTAL  FACTS  RSOARDINO  STRUTIONS 

1.  STRUB  ARB  NOT  PRODUCBD  IN  PURS  SOLTTTIONS 

We  have  made  htmdreds  of  deposits  of  silver  without  filter 
paper,  both  in  the  Richards  voltameter  and  in  voltameters  without 
a  porous  cup,  and  in  no  case  have  we  seen  striations  when  the 
electrolyte  was  known  to  be  pure.  The  crystals  are  distinct,  with 
beautifully  developed  faces  and  angles,  and  no  suggestion  of  stria- 
tions. But  with  filter  paper  as  a  septum  between  anode  and 
cathode,  or  with  electrolyte  that  has  been  filtered  through  filter 
paper,  or  with  the  addition  of  ** filter  paper  extract"  or  of  certain 
chemicals,  striae  are  produced  more  or  less  distinctly  according  to 
circimistances.  (Photographs  of  these  shown  earlier  in  this 
paper.) 

2.  ONLY  CERTAIN  KINDS  OV  IMPURITIBS  PRODUCE  STRIATIONS 

Not  only  filter  paper,  but  linen,  cotton,  and  wood-pulp  paper, 
wood  fiber,  linen,  cotton,  and  silk  textiles,  furfur  aldehyde,  and 
other  strong  reducing  substances  produce  striations.  The  piurest  of 
filter  paper,  which  is  practically  piu-e  cellulose,  is  effective  in  pro- 
ducing striations.  On  the  other  hand,  cane  sugar,  starch,  acids, 
and  a  large  number  of  other  chemical  substances  do  not  produce 
striations.  It  is  not  enough  that  the  electrolyte  be  impure,  but  it 
must  contain  substances  which  reduce  silver  nitrate,  as  we  have 
explained  elsewhere  (p.  247) ,  thus  producing  colloidal  silver.  This 
we  believe  to  be  the  first  essential  condition  for  striations. 

3.  MOTION  OV  THE  ELECTROLTTE  OVER  THE  SXTRFACE  OV  THE  CATHODE  IS 

NECESSARY 

We  have  confirmed  the  conclusion  of  Behn  and  others  that  the 
direction  of  the  stria  is  determined  by  the  convection  currents  of 
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the  electrolyte  flowing  over  the  surface  on  which  silver  is  being 
deposited.  The  radial  striae  on  the  bottom  of  the  platinum  dish 
(Fig.  6),  the  parallel  vertical  stris  on  the  sides  (Fig.  29),  the 
diverging  striae  produced  where  the  electrolyte  is  discharged  as  a 
jet  upon  a  cathode  surface  (Fig.  30) ,  the  circular  striae  produced 
on  a  horizontal  cathode  in  rotation  (Fig.  31),  the  inclined  striae 
produced  on  a  vertical  plate  when  the  electrolyte  is  given  a  hori- 
zontal motion  by  rotating  the  dish  containing  the  electrolyte  (Fig. 
32) ,  all  indicate  that  the  striae  lie  along  the  lines  of  flow  of  the  elec- 
trolyte. On  the  other  hand,  if  the  cathode  plate  be  inclined  to  the 
vertical,  the  striae  are  less  marked  and  decrease  the  more  as  the 
inclination  to  the  vertical  is  greater.  (Fig.  33.)  When  the  ca- 
thode is  horizontal  they  disappear  altogether.  (Fig.  34.)  Simi- 
larly, striae  due  to  rotation  of  the  vessel,  or  of  a  horizontal  plate  in 
a  stationary  electrolyte,  are  the  more  pronounced  as  the  speed  of 
rotation  is  greater. .  There  is  thus  ample  evidence  that  a  motion  of 
the  electrolyte  over  the  surf aceof  the  cathode  is  the  seccmd  essential 
condition  for  striations. 

4.  FORCED  STRUB  IN  A  PURB  BLBCTROLTTB 

We  have  stated  above  that  for  striae  to  appear  certain  impurities 
are  needed  in  order  to  produce  colloidal  silver  in  the  electrolyte. 
There  is,  however,  an  exception  to  this  statement,  namely,  where 
the  velocity  of  the  electrolyte  is  very  great.  Natm^al  convection 
currents  are  sufi&cient  to  produce  the  heaviest  of  striations  when 
the  solution  contains  considerable  of  the  filter  paper  impurity. 
But  in  a  very  pure  solution,  as  already  stated,  not  the  faintest  sug- 
gestion of  striations  is  ordinarily  seen.  However,  if  a  horizontal 
cathode  be  rotated  in  its  own  plane  at  a  very  high  speed  in  a  pure 
electrol3rte  slight  circular  striations  are  produced.  (Fig.  35.)  The 
explanation  of  these  forced  striae  is  m  harmony  with  the  explana- 
tion  of  ordmary  striae.     (See  below.) 

5.  SPACmO  OV  THB  STRUB 

Striae  are  sometimes  coarse  and  far  apart  and  sometimes  fine 
and  very  close  together.  It  was  long  ago  noticed  that  variations 
in  the  strength  of  the  electric  current  and  of  the  concentration 
varied  the  distinctness  of  the  striae.    Careftd  observation  shows 
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that  many  deposits  which  appear  tinstriated  are  really  very  finely 
striated,  but  that  the  striae  have  grown  together  and  disappeared. 
As  striae  do  not  appear  at  the  very  beginning  of  a  deposit,  and 
may  have  appeared  and  disappeared  before  the  end,  it  is  necessary 
to  look  for  the  striae  during  the  deposit  in  cases  where  they  are 
fotmd  very  close  together.  Sometimes  they  appear  at  the  bend 
of  the  bowl  near  the  bottom  and  not  on  the  sides.  This  is  because 
the  deposit  of  silver  is  thinner  in  the  former  place,  whereas  on  the 
sides  where  the  deposit  is  heavier  they  have  been  covered  up  by 
the  depth  of  the  deposit. 

In  order  to  ascertain  what  determined  the  spacing  of  the  striae 
we  made  a  large  number  of  deposits,  varying  such  conditions  as 
current  density,  concentration,  and  temperature,  one  at  a  time. 
In  some  cases  the  deposits  were  photographed  and  the  photographs 
meastu-ed.  In  other  cases  the  deposits  were  measm^d.  The 
spacing  does  not  depend  on  the  degree  of  impurity,  although  the 
distinctness  of  striation,  its  microscopic  appearance,  and  its  appear- 
ance to  the  tmaided  eye  do  depend  on  the  degree  and  character 
of  the  imptuity. 

CSriBCT    OF     VARIATIONS    OV     CURRENT     DBNSITT,     CONCENTRATION.     AND 

TEMPERATURE 

Increasing  the  current  density  decreases  the  distance  between 
striae.  Hence  small  cmrents  give  coarse  striae,  heavy  currents 
fine  striae.  (See  Figs.  36,  37,  38.)  The  latter  are  quickly  cov- 
ered up,  hence  it  is  sometimes  stated  that  certain  cmrent  densi- 
ties give  no  striae.  Increasmg  the  concentration  mcreases  the  dis- 
tance between  striae.  Hence  weak  electrolytes  give  fine  striae,  and 
stronger  electrol)rtes  coarser  and  more  distinct  striae.  Increasing 
the  temperatiu"e  of  the  electrolyte  makes  the  striae  farther  apart. 
The  effect  of  changes  in  concentration  and  temperature  may  be 
expressed  by  saying  that  increasing  the  conductivity  of  the  elec- 
trolyte increases  the  distance  between  striae. 

7.  SIZE  AND  SPACmO  OV  CRYSTALS  IN  PURE  SOLUTIONS 

We  very  early  noticed  that  the  size  and  mean  distance  apart 
of  the  crystals  deposited  out  of  piu"e  solutions  vary  in  much  the 
same  way  as  the  spacing  of  the  striae.    Sometimes  the  crystals 
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Figs.  39, 40, 41. — Current  density  series  for  pure  electrolytes,  showing  that  the  size  and  spacing 

of  the  crystals  is  dependent  on  the  cathode  current  density,  the  concentration 
being  the  same;  currents  0,028,  0.0028,  0.00028  ampere  per  sq,  cm, 
respectivety.    X  5 

Figs.  42, 43. — Showing  that  the  size  and  spacing  of  the  crystals  is  dependent  on  the  concentra- 
tion of  the  electrolyte,  the  current  being  the  same;  concentrations  5  per  cent, 
15  per  cent,  respectively 

Fig.  45. — Deposit  from  a  silver  nitrate  solution  to  which  silver  acetate  has  been  added.  ShoW' 
ing  two  kinds  of  deposit,    X  16 

Fig.  47. — (a),  (b),  (c),  have  been  prepared  to  ilhistrate  tne  statements  made  above  respecting  the 
relation  between  the  distance  apart  of  the  crystals,  the  conductivity  of  the  electrolyte, 
and  the  density  of  the  electric  current.  Two  equipotendal  surfaces  that  lie  within 
the  platinum  are  shown  as  emerging  into  the  elecirotyte  around  the  silver  crystal 
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are  fine  and  very  close  together  and  sometimes  they  are  coarse 
and  relatively  far  apart,  and  between  these  extremes  any  size  or 
spacing  may  be  obtained  by  varying  the  conditions.  These 
conditions  are  the  same  as  those  which  determine  the  spacing  of 
stride,  namely,  the  current  density  (see  Figs.  39,  40,  41),  concen- 
tration (see  Figs.  42,  43),  and  temperatiu-e.  In  order  to  obtain 
quantitative  results  a  large  number  of  deposits  were  made  in  the 
field  of  a  microscope  on  a  platinum  cathode  that  had  been  ruled 

into  squares  by  a  fine  diamond. 
The  rulings  were  0.2  mm  apart,  so 
that  each  square  millimeter  was 
divided  into  25  equal  squares. 
Thus  the  crystals  could  be 
counted,  using  a  certain  cturent 
density  and  time  and  a  definite 
concentration  of  the  electrolyte. 
Then  the  conditions  could  be 
varied,  and  so  the  relation  be- 
tween these  conditions  and  the 
number  of  crystals  per  unit  of 
area  could  be  determined. 

At  the  start  crystals  were  de- 
posited and  a  map  of  a  portion 
of  the  field  made,  locating  every 
crystal.  Then  the  cathode  was 
cleaned  and  the  operation  was 
repeated  a  niunber  of  times.  This 
was  to  see  whether  crystals  always 
appeared  at  the  same  places. 
There  were  of  course  in  the  siuiace  of  the  platinum  plate  minute 
scratches  and  irregtdarities  which  imder  the  microscope  were 
plainly  visible,  and  although  sometimes  the  crystals  would  be 
seen  lying  along  a  scratch  like  beads  on  a  string,  generally  their 
distribution  was  quite  independent  of  any  such  markings  and 
quite  independent  of  the  straight  lines  ruled  by  the  diamond  on 
the  platinum  cathode.  No  two  distributions  of  crystals  over  a 
given  area  were  alike,  and  we  noted  no  points  or  spots  where 
crystals  tended  to  appear  repeatedly  by  preference. 
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With  a  variation  of  current  density  the  number  of  crystals  is 
approximately  proportional  to  the  square  of  the  ^rurrent  density. 
Fig.  44  gives  the  results  of  some  measturements.  Thus  with  small 
current  density  the  crystals  would  be  large  and  relatively  few; 
with  large  current  density  the  crystals  are  small  and  more  numer- 
ous, the  total  quantity  of  silver  deposited  being  the  same  in  each 
case.  With  increasing  concentration  the  crystals  are  larger  and 
fewer,  and  so  also  with  increasing  temperatm^e.  That  is,  increasing 
the  conductivity  of  the  solution  increases  the  distance  between 
crystals  (as  it  does  between  stride)  and  increases  the  size  of  the 
crystals.  As  the  size  of  the  crystals  is  inversely  proportional  to 
their  number,  and  their  mean  distance  apart  is  inversely  propor- 
tional to  the  square  root  of  their  number,  we  see  that  the  mean 
distance  apart  of  the  crystals  is  approximately  inversely  propor- 
tional to  the  current  density.  Photographs  of  deposits  under 
different  conditions  illustrating  these  facts  are  shown  in  Pigs.  39, 
40,  and  41. 

8.  BFFBCT  OF  ACm  Aim  ACBTATB 

A  trace  of  acid  in  the  electrolyte  makes  the  crystals  finer,  and 
hence  gives  the  deposit  a  different  appearance,  but  does  not 
produce  striations.  For  a  given  total  weight  of  silver  deposited 
the  average  size  of  crystal  is  of  course  inversely  proportional 
to  the  ntunber.  The  nmnber  of  crystals  is  determined  the  first 
moment  of  the  deposit.  Thereafter  they  increase  in  size  quite 
uniformly,  except  that  if  the  deposit  continues  a  considerable 
time  they  grow  together  in  many  cases,  so  that  the  number 
decreases  and  the  variation  in  size  is  accentuated.  Very  few  new 
crystals  start  after  the  first  instant,  imless  the  current  is  con- 
siderably increased. 

A  trace  of  silver  acetate  dissolved  in  the  silver  nitrate  makes 
the  crystals  very  fine — ^that  is  to  say,  starts  the  crystals  very  close 
together  and  in  great  numbers.  Thus  the  platinmn  surface  be- 
comes covered  by  a  more  or  less  continuous  deposit,  which  tmder 
the  microscope  looks  like  a  surface  of  frozen  snow.  The  crys- 
taUine  deposit  from  the  piu"e  nitrate,  on  the  other  hand,  consists 
of  a  great  many  relatively  large  and  separate  crystals,  with  large 
areas  of  bare  platinum  between.  The  contrast  is  very  striking. 
69662^ — 13 — 9 
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In  addition  to  the  white  deposit  of  fine  crystalline  silver,  in 

the  case  of  the'  solution  containing  silver  acetate,  there  is  present 

when  filter  ps^>er  has  been  used  (or  filter  paper  extract)  a  black 

deposit  of  silver  which  we  believe  has  been  laid  down  from  the 

coUoidal  condition,  but  which  on  heating  turns  first  yellow  and 

then  white.     (Fig.  45.)     It  is  readily  distinguished  under  the 

microscope  from  the  normal  silver  deposit,  and  its  presence  makes 

the  weight  of  silver  too  heavy.    The  silver  acetate  is  more  easily 

broken  down  by  the  reducing  agents   (chiefly  furfuraldehyde) 

formed  from  the  cellulose  of  the  filter  paper,  and  so  increases  the 

weight  of  the  deposit  much  more  than  when  the  silver  acetate  is 

not  present. 

9.  VKLOcrrr  ov  ths  convbction  cukbmsts 

We  have  stated  that  we  believe  the  motion  of  the  electrolyte 
over  the  cathode  is  one  of  the  essential  conditions  for  the  produc- 
tion of  striae.  These  convection  currents  can  be  seen  in  a  vol- 
tameter with  glass  sides,  since  the  variation  of  the  density  of  the 
electroljrte  between  the  anode  and  the  cathode  is  considerable* 
By  the  aid  of  the  microscope  and  ruled  cathode  plate  employed 
in  counting  the  crystals  we  siuxreeded  in  measuring  approximately 
the  relative  velocity  of  these  convection  ciurents  tmder  different 
conditions.  Using  a  small  voltameter  with  parallel  glass  sides, 
the  cathode  plate  was  vertical,  and  the  microscope  was  focused 
on  the  plate.  Small  particles  of  the  anode  slime  which  became 
detached  from  the  anode  circulated  arotmd  with  the  convection 
currents,  and  served  as  an  index  of  its  velocity.  Of  course,  the 
velocity  of  the  liquid  was  different  at  different  distances  from 
the  cathode,  but  by  focusing  on  the  plate  tiny  particles  even  a 
short  distance  away  could  not  be  seen  distinctly.  Thus  we  ob- 
served the  sharply  defined  particles  falling  in  the  field  (they  were 
rising  m  reality)  at  a  uniform  rate,  and  by  timing  them  with  a 
stop  watch  as  they  crossed  the  horizontal  lines  ruled  on  the  ca- 
thode their  speed  was  measured  with  fair  accuracy.  The  speed 
varied  with  the  density  of  the  electric  ciurent,  as  would  be  ex- 
pected, increasing  with  greater  ciurent.  The  speeds  observed 
(Fig.  46)  varied  from  o.i  mm  per  second  to  0.7  mm  per  second,*^ 

^  This  it  mucfa  Icat  than  the  estimate  given  by  Smith.  Mather,  and  Lowry.  namdy,  x  cm  per  teooiuL 
However,  their  cftimate  was  baaed  on  the  incKnation  ol  stric  and  was  not  a  direct  measurement. 
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ttsing  concentrations  and  current  densities  such  as  are  used  in 
practice.  Probably  in  larger  voltameters  the  speed  would  be 
greater. 


RATE  OF  FLOW  OF  LIQUID  UP  THE 
FACE  OF  THE  CATHODE. 
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Fig.  46. — Curves  showing  the  rate  of  flow  of  h'guid  up  the  face  of  the  cathode  as  dependent 

on  the  current 

D.  THEORY  OF  DISCONTINUOUS  DEPOSITS 

We  have  described  the  deposits  of  silver  from  piue  solutions  of 
silver  nitrate  as  invariably  crystalline,  the  bare  platinum  cathode 
being  plainly  visible  between  the  crystals;  from  impure  solutions 
it  appears  noncrystalline,  but  a  microscope  shows  the  irregular 
masses  of  silver  to  be  aggregates  of  fine  crystals.  In  neither  case 
is  the  cathode  completely  covered.  On  the  other  hand,  the  de- 
posits from  a  solution  of  cyanide  of  silver  appear  perfectly  con- 
tinuous even  imder  a  very  high  magnifying  power,  and  are  there- 
fore radically  different  from  the  deposits  from  the  nitrate. 

It  is  an  interesting  and  important  question  to  determine  why 
the  crystals  are  deposited  in  the  manner  described  above,  and 
why  the  current  is  concentrated  into  the  silver  crystals  initially 
started,  instead  of  spreading  out  over  the  surf  ace  of  the  platinum 
as  it  does  when  a  solution  of  cyanide  of  silver  is  used.  It  is  a 
striking  phenomenon  to  see  the  area  of  bare  platinum  on  the 
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cathode  surface  of  a  silver  voltameter,  a  thousand  times  greater 
than  the  area  of  the  silver  crystals,  in  the  early  stages  of  the  deposit, 
and  yet  no  current  flowing  to  the  platinum  surface,  but  only  to 
the  tiny  silver  crystals.  As  Ohm's  law  holds  in  the  electrolyte, 
it  is  evident  that  there  is  at  the  surface  of  the  platintmi  a  poten- 
tial difference  opposing  the  current,  which  brings  the  electrolyte  in 
coniact  with  the  platinum  to  a  higher  potential  than  that  of  the  elec- 
trolyte in  coniact  with  the  silver,  and  so  the  current  is  turned  away 
from  the  platinum  surface,  finding  numerous  outlets  to  the  plati- 
num cathode  through  the  silver  crystals.  It  is  as  though  the 
potential  difference  at  the  start  breaks  through  the  surface  film 
(which  offers  a  counter  electromotive  force)  at  numerous  points, 
and  these  initial  outlets,  which  increase  in  area  as  the  crystals 
grow,  are  sufScient,  tmless  the  current  density  is  suddenly  in- 


The  surface  potential  differences  taken  in  connection  with  the 
specific  resistance  of  the  electrolyte  and  the  current  density  deter- 
mine the  distance  apart  of  the  crystals.  In  a  very  concentrated 
solution  the  specific  resistance  is  less,  and  hence  the  fall  of  poten- 
tial corresponding  to  the  surface  differences  of  potential  occurs  in 
a  greater  distance.  Hence  the  crystals  will  be  farther  apart  than 
in  a  normal  solution.  On  the  other  hand,  in  a  very  weak  solu- 
tion of  higher  specific  resistance  the  fall  of  potential  is  steeper  and 
hence  the  given  potential  difference  will  occur  in  a  shorter  dis- 
tance. Hence  the  crystals  will  be  nearer  together  and  more 
numerous,  and  hence  also  the  crystals  very  small.  Heating  the 
solution  increases  its  conductivity,  and  therefore  has  the  same 
effect  as  increasing  the  concentration;  that  is,  the  crystals  are 
further  apart  and  of  larger  size.     (See  Fig.  47.) 

We  have  attempted  to  develop  this  theory  of  surface  potentials 
to  explain  the  form  of  electrol)rtic  deposits  from  other  silver  salts 
and  salts  of  other  metals,  and  have  had  some  success  in  doing  so, 
but  we  found  ourselves  getting  so  far  away  from  the  problems  of 
the  silver  voltameter  that  we  abandoned  that  work  for  the  pres- 
ent and  returned  £0  the  question  which  directly  concerned  the 
silver  voltameter. 
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B.  EXPLANATION  OF  STRIATIONS 

After  having  given  this  question  careful  study,  we  oflfer  the  fol- 
lowing explanation,  which  we  believe  is  in  accord  with  the  known 
facts  regarding  striae. 

In  the  first  place  it  should  be  remembered  that  silver  crystal- 
lizes according  to  the  cubical  system,  and  when  deposited  out  of 
a  pure  solution  of  silver  nitrate  various  modifications  of  cubical 
crystals  are  formed,  as  octagonal,  dodecehedral,  etc.,  in  addi- 
tion  to  cubes  and  rectangular  parallelopipeds.  These  crystals 
are  formed  more  perfectly  in  very  pure  solutions,  and  deposits 
examined  imder  a  binocular  microscope  show  beautifully  the 
perfect  faces  and  angles  of  these  various  geometrical  forms. 
Slightly  impure  solutions  have  their  crystalline  forms  greatly 
modified,  aggregates  of  needle-shaped  crystals  predominating  in 
deposits  made  from  solutions  slightly  contaminated  by  filter 
paper.  As  the  imptuity  increases,  the  crystalline  character  dis- 
appears, the  deposits  being  masses  that  often  look  like  molten 
metal,  cinders,  or  slag.  High  magnification  shows  that  such 
deposits  are  made  up  of  aggregates  of  very  small  crystals.  The 
regular  crystalline  growth  that  takes  place  normally  in  elec- 
troljrtic  deposits  from  a  pure  solution  of  silver  nitrate,  whereby 
large  crystals  are  built  up,  can  not  occur  when  the  solution  is 
strongly  contaminated  by  filter  paper  or  other  forms  of  cellulose, 
or  by  furfuraldehyde. 

The  reason  why  a  regular  crystalline  growth  does  not  occur 
when  filter  paper  extract  is  present  is,  we  believe,  that  colloidal 
silver  is  produced  by  the  reaction  of  furfuraldehyde  (produced 
from  oxycelluloses)  on  silver  nitrate  and  that  this  colloidal  silver 
is  deposited  on  the  silver  and  breaks  up  the  regular  growth  of  the 
crystals,  each  particle  probably  serving  as  a  nucleus  for  a  new 
crystal.  Thus  the  deposit  in  such  cases  is  an  aggregate  of  very 
small  crystals  instead  of  relatively  large  crystals. 

When  the  current  starts  the  deposit  begins  at  many  isolated 
points,  the  distance  between  crystals  being  hundreds  of  times 
the  linear  dimensions  of  the  crystals  themselves  at  the  end  of  the 
first  few  seconds.    The  stream  lines  along  which  the  current 
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flows  are  thus  concentrated  at  the  cathode  end,  upon  these  mcipi- 
ent  crystals,  no  current  flowing  to  the  bare  platinum  after  the 
first  instant.  The  upward  current  of  liquid  along  the  crystal 
surface  (due  to  the  smaller  density  of  the  impoverished  electrolyte 
at  the  cathode)  carries  the  chain  of  ions  which  lie  along  a  given 
stream  line  upward  out  of  its  normal  coiurse,  so  that  the  current 
tends  to  reach  the  upper  surface  of  a  crystal.  We  must  suppose 
that  in  a  pure  electrolyte  the  force  of  crystallization  constrains 
the  silver  atoms  to  be  deposited  in  regular  order,  thus  building 
up,  as  we  know,  crystals  of  relatively  large  size,  in  spite  of  the 
tendency  of  the  convection  currents  in  the  liquid  to  distort  the 
crystals  by  building  them  upward.  For  we  find  the  same  regu- 
larity of  crystalline  growth  on  the  vertical  sides  of  a  cathode 
vessel  as  on  or  near  the  bottom.  But  in  an  impure  solution  the 
regular  crystalline  growth  is  interfered  with  by  the  deposit  upon 
the  initial  crystals  of  particles  of  colloidal  silver.  Thus,  as  new 
crystals  are  started  at  every  point  where  a  particle  of  colloidal 
silver  has  been  deposited,  the  silver  grows  by  preference  upward 
in  the  direction  favored  by  the  upward  movement  of  the  liquid. 
Watching  this  process  imder  the  microscope  one  sees  the  small 
crystals  which  appear  at  the  start  grow  upward  so  that  after  a 
time  instead  of  a  large  number  of  silver  crystals  of  approximately 
equal  dimensions  in  different  directions  one  sees  a  great  ntunber 
of  elongated  deposits,  the  longest  dimension  being  vertical.  These 
tend  to  grow  into  one  another,  so  that  after  a  time  striations  have 
developed,  that  is,  there  are  ridges  of  silver  of  more  or  less  equal 
distance  apart,  separated  by  intervals  of  bare  platinum. 
-  The  striation  can  not  even  be  suspected  at  the  start,  but  after 
a  time  it  becomes  well  marked,  and  then  if  the  deposit  is  con- 
tinued long  enough  the  ridges  of  silver  growing  in  width  join 
together,  the  platintun  surface  is  gradually  covered,  and  the  stria- 
tion finally  disappears. 

If  the  current  density  is  relatively  small  at  the  start,  the  initial 
points  of  deposit  are  comparatively  far  apart,  and  when  they 
have  become  elongated  vertically  and  joined  together  more  or 
less  they  form  striae,  which  will  be  comparatively  wide  apart. 
On  the  other  hand,  if  the  current  density  be  larger,  the  points  of 
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deposit  initially  will  be  more  numerous,  and  the  striae  will  be 
closer  together.  Observation  shows  that  the  number  of  striae 
per  centimeter  is  approximately  proportional  to  the  current 
density,  or  the  distance  between  striae  is  inversely  proportional 
to  the  current  density.  In  the  same  way,  the  initial  distance 
between  crystals  (in  a  nonstriated  deposit)  is  inversely  propor- 
tional to  the  current  density,  or  the  number  of  crystals  per  square 
centimeter  is  proportional  to  the  square  of  the  current  density. 
This  explains  why  a  small  current  gives  coarser  crystals  than  a 
larger  current  for  a  given  weight  of  deposit,  for  doubUng  the 
current  multipUes  the  number  of  crystals  by  fom*,  and  hence 
reduces  the  average  weight  of  each  crystal  to  one-half.  The 
original  incipient  crystals  appear  in  the  field  of  the  microscope 
almost  at  once,  perhaps  within  a  second  or  two  after  closing  the 
circuit.  They  are  so  tiny  when  first  seen  that  millions  would  be 
required  to  weigh  a  milUgram,  and  as  they  grow  larger  they 
amalgamate  more  or  less,  so  that  the  number  of  separate  crystals 
decreases. 

Adding  a  trace  of  acid  changes  the  potential  diflference  at  the 
surface  of  the  platinum  in  such  a  way  as  to  make  the  crystals 
nearer  together  and  hence  more  numerous  and  smaller  in  size  for 
the  same  weight  of  deposit. 

We  have  spoken  above  of  an  exception  to  the  general  rule  regard- 
ing striae  in  what  we  call  forced  striae.  If  a  cathode  be  rotated 
at  a  moderate  speed  in  a  pure  electrolyte,  no  evidence  of  striation 
appears,  but  if  the  speed  of  rotation  be  increased  there  is  a  sUght 
circular  striation,  although  the  deposit  is  crystalline.  The  high 
speed  constrains  the  crystals  to  grow  in  the  direction  of  motion, 
for  the  same  reason  as  in  an  imptu"e  deposit,  except  that  it  requires 
a  much  higher  speed  in  the  piu'e  solution.  The  result  is,  however, 
radically  different  in  the  two  cases,  the  deposit  in  the  case  of  the 
ptu"e  solution  where  the  speed  of  the  electrolyte  over  the  cathode 
is  high  being  crystalline  and  only  slightly  striated.  This  case  of 
forced  striae  in  a  pure  solution  is  thus  quite  in  harmony  with  the 
explanation  here  offered  for  normal  striae. 

This  paper  is  to  be  followed  by  two  more,  of  which  the  first  will 
deal  with  the  quantitative  experiments  preliminary  to  the  meeting 
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of  the  International  Technical  Committee  and  will  also  contain  a 
discussion  of  the  purification  and  testing  of  silver  nitrate.  The 
final  paper  will  deal  chiefly  with  the  determination  of  the  voltage 
of  the  Weston  normal  cell  and  the  question  of  specifications 
for  the  voltameter. 

Washington,  October  i,  191 2. 
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of  incidence 

I.  INTRODUCTION 

In  all  radiometric  work  involving  the  measurement  of  radiant 
energy  in  absolute  value  it  is  necessary  to  use  an  instrument  that 
intercepts  or  absorbs  all  the  incident  radiations;  or  if  that  is 
impracticable,  it  is  necessary  to  know  the  amotmt  that  is  not 
absorbed.  The  instruments  used  for  intercepting  and  absorbing 
radiant  energy  are  usually  constructed  in  the  form  of  conical- 
shaped  cavities  which  are  blackened  with  lampblack,  the  expecta- 
tion being  that,  after  successive  reflections  within  the  cavity,  the 
amotmt  of  energy  lost  by  passing  out  through  the  opening  is 
reduced  to  a  negligible  value. 

*  This  thk  is  used  in  order  to  distincuish  the  reflectioa  of  matte  surfaces  from  the  (regular)  reflection  of 
polished  surfaces.  The  paper  gives  also  data  on  the  specular  reflection  of  polished  sihrer  for  different  angkl 
of  incidence,  hut  it  seemed  unnecessary  to  include  it  in  the  title. 
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A  simpler  and  older  form  of  radiometer  is  a  plane  surface  cov. 
ered  with  an  absorbing  substance.  In  this  case  it  is  necessary  to 
determine  the  amotmt  of  energy  lost  by  reflection  from  the  stuiace 
of  the  receiver.  If  the  blackened  receiving  surface  is  small,  it  may 
be  placed  at  the  center  of  curvature  of  a  hemispherical  mirror,  the 
the  radiant  energy  being  admitted  through  a  hole  in  the  center  of 
the  mirror.  The  receiver  being  at  the  center  of  curvatiu^  of  the 
mirror,  any  radiations  which  are  diffusively  reflected  from  the 
receiver  will  impinge  upon  the  mirror  and  wiU  return  to  the 
receiver.  The  amotmt  of  energy  lost  by  rettuning  upon  its  path 
through  the  opening  in  the  mirror  can  be  determined  experi- 
mentally. 

The  most  useful  substances  for  absorbing  radiant  energy  are 
lampblack  and  platinum  black.  The  present  research  was  under- 
taken in  order  to  establish  methods  for  the  production  of  standard 
absorbing  stuiaces  from  standard  materials,  and  to  determine  the 
completeness  of  the  absorption  (i.  e.,  the  amotmt  lost  by  diffuse 
reflection)  of  these  substances  in  different  regions  of  the  spedxiun. 

The  reverse  problem  was  also  presented,  of  finding  a  "white" 
siuface,  which  absorbs  the  least  radiation  (high  reflection)  in  the 
visible  and  in  the  adjoining  infra-red  part  of  the  spectrum,  and 
which  has  a  low  reflection  in  the  region  of  8  to  9  fx.  Such  a  siuiace 
would  absorb  but  little  simlight,  and  it  would  not  become  heated 
by  the  part  that  is  absorbed,  owing  to  reradiation,  which  is  facili- 
tated by  the  high  emissivity  in  the  region  of  8  to  9  fi,  where  occurs 
the  maximtun  radiation  of  substances  having  a  temperatiu^  of  20*^ 
to  50*^  C. 

Expressed  in  a  more  popular  way,  the  interest  in  the  present 
research  was  in  finding  substances  having  the  extremes  in  diffuse 
reflection;  i.  e.,  the  whitest  "white"  and  the  blackest  "black," 
the  former  to  be  used  as  a  paint  (which  will  absorb  but  little  of  the 
sun's  rays)  to  cover  a  building  (e.  g.,  an  observatory  dome)  which 
is  to  contain  instruments  that  are  sensitive  to  changes  in  tempera- 
tiure,  the  latter  to  be  used  as  the  absorbing  stuiace  of  a  radiometer 
which  is  located  within  this  building. 

While  it  is  beyond  the  scope  of  the  present  investigation  to  dis- 
cuss the  theoretical  aspects  of  this  subject,  it  is  of  interest  to  notice 
the  extraordinary  and  apparently  inconsistent  ways  in  which  these 
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extremes  in  di£fuse  reflection  are  produced.  In  optically  trans- 
parent media  (insulators) ,  such  as  glass,  the  absorption  coefficient 
and  the  refractive  index  are  low  and  the  amount  reflected  regularly 
(** vitreous  reflection")  is  of  the  order  of  4  to  5  per  cent.  On  the 
other  hand,  in  the  metals  (electrical  conductors) ,  such  as  platintun, 
the  absorption  coefficient  and  the  refractive  index  are  high  and  the 
amotmt  reflected  regularly  ("specular  reflection")  is  of  the  order 
of  80  to  100  per  cent,  depending  upon  the  wave  length.  On  first 
consideration  it  therefore  seems  somewhat  contrary  to  the  natural 
order  of  things  to  produce  a  high  (90  per  cent)  reflecting  (diffuse 
reflection)  surface  from  the  former  and  an  extremely  low  (1.5  per 
cent)  reflecting  surface  from  the  latter  by  merely  changing  the 
size  of  the  grains  which  form  the  reflecting  layer. 

The  high  reflecting  power  of  fine  particles  of  transparent  sub- 
stances (insulators)  is  easily  explained  as  the  result  of  successive 
internal  reflections  and  refractions  of  the  light  which  penetrates 
their  sinfaces.  If  the  particles  are  small,  the  chances  are  that 
total  reflection  will  occur  before  the  rays  have  penetrated  to  a 
great  depth,  and  (there  being  practically  no  absorption)  the  rays 
are  reflected  with  almost  the  same  intensity  as  obtained  in  the 
incident  radiations. 

When  the  reflecting  particles  have  a  high  absorptivity  but  have 
a  low  refractive  index,  which  is  true  of  lampblack,  the  same  optical 
conditions  obtain  as  in  the  more  transparent  particles,  the  only 
difference  being  that  at  each  internal  reflection  the  rays  are  fiuther 
absorbed  so  that  the  intensity  of  the  reflected  rays  is  quickly 
reduced  to  a  small  value  in  comparison  with  the  incident  rays. 
The  blackest  deposits  of  soot  are  made  by  holding  a  metal  plate  in 
an  acetylene  flame,  which  forms  an  extremely  fine-grained  stuiace. 
Such  a  deposit,  viewed  at  grazing  emergence,  has  the  appearance 
of  a  highly  polished  mirror  of  fairly  high  reflecting  power. 

The  effect  of  grain  size  upon  the  amotmt  of  energy  (diffusively) 
reflected  from  the  siuiace  is  well  illustrated  in  the  present  paper, 
which  gives  the  reflecting  power  of  a  cleavage  siuiace  and  of  a 
coarsely  grotmd  siuiace  of  white  marble.  The  cleavage  piece 
(about  I  cm  thick)  was  well  illmninated  throughout  the  interior, 
to  the  rear  siuiace,  owing  to  the  large  size  of  the  individual  crys- 
tals, some  of  which  had  cleavage  faces  0.2  to  0.3  mm  diameter. 
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The  low  reflecting  power  obtained  by  reducing  the  size  of  metallic 
particles  (e.  g.,  platinum  black)  to  the  dimensions  of  light  waves  is 
not  so  easily  explained.  If  the  black  mass  is  a  coagulation  of 
colloidal  metal,  its  optical  properties  (refractive  index,  etc.)  are 
the  same  as  that  of  the  metal.' 

Evidently  it  is  not  a  question  of  roughness  of  surface,  for  a 
deposit  of  platintun  black  (upon  a  strip  of  platintun)  when  heated 
to  a  low  red  heat  sinters  into  a  white  mass.  By  eliminating  the 
high  reflecting  power  platinum  could  become  black  by  assuming  a 
structure  of  fine  particles,  which  consists  of  cavities  with  small 
openings.  Such  a  condition  would  be  realized  if  the  material  had 
the  structure  of  a  bundle  of  polished  needles,'  ttuned  with  their 
points  toward  the  light.  By  multiple  reflection  the  rays  will  travel 
down  into  the  interstices  between  the  needles  (particles  forming  the 
spongy  mass)  and  practically  none  will  escape  by  reflection  back 
upon  their  path.  It  is  conceivable  that  by  electrolysis  the  plati- 
num black  might  be  deposited  in  isolated  points  with  relatively 
large  spaces  intervening,  and  that,  as  the  electrolysis  continues 
these  points  increase  in  height  and  diameter,  thus  forming  a 
porous  needle-shaped  structure.  This  would  increase  the  absorp- 
tion of  electrolytically  deposited  platinum  black  (as  observed) ,  but 
it  does  not  fully  explain  the  physical  condition  of  the  chemically 
precipitated  material,  unless  we  asstmie  that  the  latter,  which  is 
colloidal,  was  built  up  in  a  similar  manner  by  coagulation. 

A  more  plausible  explanation,  alluded  to  by  Kurlbaum,'  is  based 
upon  the  depth  of  penetration  of  the  rays  into  the  metal  and  the 
thickness  of  the  reflecting  layer.  In  order  to  obtain  reflection  a 
definite  thickness  of  metal  is  required,  which  thickness  is  a  function 
of  the  wave  length  of  the  incident  Ught.  Hagen  and  Rubens* 
determined  the  reflecting  power  of  gold  with  thickness  on  the 
assumption  that  the  layer  is  homogenous,  i.  e.,  not  formed  of 
discrete  particles  with  intervening  spaces  of  glass.  They  fotmd 
that  for  a  layer  o.oi  /i  in  thickness  the  amotmt  of  light  reflected  was 
about  ID  per  cent  of  the  total  reflecting  power  for  that  wave  length. 
The  maximum  thickness  required  for  complete  reflection  of  all 

sBpenoe:  Phys.  Rev.,  8t,  p.  233;  1900. 

*  Kurlbaiim:  Ann.  der  Phys.  (3).  €7,  p.  855;  1899.    Wood:  Physical  Optics,  new  ed..  p.  449.  Abaorpdoa 
by  Porous  Surfaces. 

*  Hagen  and  Rubens:  Ann.  der  Phys.  (4),  8.  p.  433;  190a. 
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wave  lengths  was  about  0.08  /a.  The  smallest  particle  of  colloidal 
material,  e.  g.,  gold,  observable  in  a  microscope  is  of  the  order  of 
o.oi  /A.*  It  is  conceivable  that  there  are  colloidal  particles  which 
are  still  smaller,  and  that  platinum  black  is  made  up  of  aggrega- 
tions of  these  invisible  particles.  In  this  case  it  is  conceivable  that, 
if  the  thickness  of  the  particle  is  less  than  the  minimum  thickness 
required  in  the  transition  layer  to  obtain  reflection,  then  the  rays 
will  pass  through  the  particle,  diminished  in  'ntensity  by  the 
amount  absorbed  in  the  particle.  This  is  the  somewhat  elaborated 
view  taken  by  Kurlbaum  (loc.  cit.) ,  who  based  his  line  of  argument 
upon  Stark's*  investigations  of  the  physical  properties  of  soot. 
In  a  deposit  of  soot  Stark  considered  the  air  a  turbid  meditun  con- 
taining the  particles  of  soot. 

Owing  to  the  high  absorption  coeflSdent  of  metals  the  rays 
should  therefore  be  completely  absorbed  in  a  thinner  layer  than  is 
required  in  lampblack.  Kurlbaum  found  that  about  3.5  times  as 
much  (by  weight)  platinmn  black  was  required  to  produce  the 
same  absorption  as  in  soot.  Evidently  not  all  of  the  individual 
particles  of  platintun  black  are  of  the  minimum  thickness  required 
to  avoid  reflection  or  the  material  has  some  property  as  yet 
unknown.  This  is  inferred  on  the  assumption  that  the  density  and 
the  thickness  of  the  layer  of  these  two  materials  is  the  same  in  the 
experiment,  which  was  not  the  case.  Evidently  further  investi- 
gations are  necessary  to  decide  these  questions. 

In  the  foregoing  paragraphs  we  have  noticed  the  most  probable 
causes  which  are  instrumental  in  producing  these  two  extremes  in 
diffuse  reflection.  In  view  of  the  fact  that  many  of  the  insulators 
(optically  transparent  media,  for  the  visible  spectrtun)  have  two 
types  of  absorption  (reflection)  bands  in  the  infra-red,  which  some- 
times fall  within  the  spectral  regions  examined  in  the  present  inves- 
tigation, it  is  important  to  notice  the  distinction  between  these  two 
types  of  bands.  For  example,  a  plate  of  quartz  is  transparent  to 
the  visible  spectrtun,  has  absorption  bands  in  the  region  of  4  /*»  and 
a  band  of  metallic  reflection  (of  about  90  per  cent)  in  the  region 
of  9  M*  The  apparently  anomalous  condition  of  a  high  (diffuse) 
reflection  of  the  powder  in  the  visible  and  at  8.8  fi  and  a  low  reflec- 

*  Burtoo:  Phil.  Hag..  2.  p.  425:  z9o6.    Spence:  Phys.  Rev.,  8t,  p.  ajj;  1909. 
*Staik:  Ann.  der  Phys.  (jX  tt.  p.  353;  1897. 
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lion  at  4.4  fi  is  therefore  easily  explained;  for  in  the  region  of  4.4  fi 
the  surface  permits  the  formation  of  "body  color, "  as  is  true  of 
pigments.'  In  the  region  of  8.8  m  the  high  reflection  in  powdered 
quartz  is  owing  to  the  coarseness  of  the  grains.  If  the  grains  were 
as  fine  as  those  of  platintmi  black,  one  would  expect  the  reflecting 
power  in  this  spectral  region  to  be  as  low  as  obtains  in  platintun 
black.  Similar  conditions  are  to  be  observed  in  some  of  the  pig- 
ments, e.  g.,  litharge,  yttrium  oxide,  and  chromium  oxide. 

IL  SUMMARY  OF  PREVIOUS  INVESTIGATIONS 

Three  methods  have  lieretofore  been  used  in  determining  the 
amount  of  energy  lost  by  diffuse  reflection  from  rough  surfaces. 
The  first  method  is  based  upon  the  asstunption  that  the  diffusion 
follows  the  cosine  law.  The  amount  of  incident  energy  is  measured ; 
also  the  amount  of  energy  reflected  at  a  given  angle  from  the 
normal.  By  integration  the  total  amount  is  obtained  that  is  lost 
by  diffuse  reflection.  This  method  was  used  by  Angstrom.'  He 
used  a  surface  bolometer  at  an  angle  of  40*^,  and  found  that  for  a 
thickly  sooted  platintun  black  stuface  the  reflecting  power  varied 
from  0.82  per  cent  to  i  .25  per  cent,  being  apparently  larger  for  the 
short  wave  lengths.  Practically  the  same  method  was  used  by 
Hutchins.*  With  a  radiomicrometer  he  investigated  the  cosine 
law  of  diffuse  reflection  of  various  substances.  He  found  that  the 
diffusion  from  rough  stufaces  of  such  substances  as  magnesium 
oxide  and  plaster  departed  an  appreciable  amount  from  the  cosine 
law,  for  large  angles,  while  for  paper  this  departm-e  was  very 
marked  for  angles  between  20®  and  60*^.  By  integration  he  found 
the  total  amotmt  of  energy  lost  by  diffusion. 

For  a  white  surface,  "plaster,"  using  sunlight  as  a  source  of 
energy,  the  integrated  value  for  the  reflecting  power  (the  albedo) 
was  92.7,  for  paper  it  was  82.6,  and  for  a  green  leaf  it  was  30.2, 
which  values  are  in  fair  agreement  with  the  results  of  the  present 
research. 

Another  method  for  obtaining  the  diffuse  reflecting  (the  absorb- 
ing) power  is  to  compare  the  emission  of  a  heated  surface  with  the 

V  See  Wood's  Physical  Optics,  new  ed..  pp.  441  and  439.  Body  Odor  and  Surface  Cok>r. 

*  AncstrSm:  Oversight  Af.  K.  Vetenak.  Akad.  Pdrhandlmccr.  Stortholm.  tt  (No.  5)*  P*  aStS;  >M> 
Wied:  Ann.  der  Phys.  (3).  96,  p.  asj;  1885. 

*  Hntrhmr  Amcr.  J.  Set,  6,  p.  373: 1^98. 


CobUnts]  Diffuse  Reflecting  Power  289 

emission  of  a  black  body  which  is  at  the  same  temperature.  This 
method  was  used  by  Crova  and  Compan.**'  They  foimd  that  the 
loss  by  reflection  from  the  soot  of  a  candle  flame  varied  from  0.68 
to  1.25  per  cent,  and  for  a  layer  of  the  same  washed  with  alcohol 
the  loss  was  3.17  per  cent.  Knrlbatmi "  used  this  method  to  find 
the  absorption  (emission)  of  different  thicknesses  of  electro- 
lytically  deposited  platinum  black  and  of  soot.  For  soot  the 
maximum  emission  of  94.5  per  cent  was  attained  in  a  deposit  con- 
taining abbut  30  mg  per  dm ' ;  but  using  a  thicker  deposit  of  about 
100  mg  per  dm ',  the  emission  was  only  about  88  per  cent  of  that  of 
a  black  body.  For  platinum  black  the  emission  was  only  about  30 
per  cent  for  a  deposit  weighing  30  mg  per  dm '.  The  maximtun 
emission  of  96.8  per  cent  was  attained  in  deposits  weighing  about 
200  mg  per  dm^,  which  value  remained  constant  for  deposits 
weighing  300  mg  per  dm  ^ 

He  recommended  that  for  measming  radiations  of  wave  lengths 
up  to  8  M  it  is  sufficient  to  deposit  the  platiniun  black  for  three 
minutes,  using  the  current  density  and  concentration  of  solution, 
etc.,  described  on  a  subsequent  page.  According  to  the  present 
method  of  investigation,  in  which  the  platinum  black  was  pro- 
duced by  the  same  formula  as  used  by  Kurlbamn,  the  deposition 
of  platinum  black  should  be  continued  for  five  to  six  minutes. 

The  main  objection  to  this  method  is  that  it  gives  values  for  the 
complete  spectrum. 

A  third  method  is  to  place  .the  reflecting  substance  and  a  radiome- 
ter at  the  conjugate  foci  of  a  hemispherical  mirror.  The  incident 
radiation  is  introduced  upon  the  reflecting  substance  by  passing 
through  a  hole  in  the  center  of  the  mirror.  This  method  is  the 
easiest  to  employ,  but  it  requires  the  determination  of  several 
correction  factors,  which,  however,  are  constant  quantities  in  the 
investigation.  These  corrections  are  (i)  the  amount  of  radiation 
which  escapes  through  the  opening  in  the  mirror,  and  (2)  the 
amotmt  of  diffuse  radiation,  which,  in  its  coiu-se  from  the  reflecting 
substance  to  the  radiometer,  is  absorbed  by  the  silver  mirror. 

Using  this  method  Royds  "  carried  out  a  series  of  measurements 
under  the  direction  of  Paschen.     In  view  of  the  fact  that  the 


^  Crova  and  Compan:  Compt.  Rend.,  120,  p.  707;  1898. 

^  Kurlbouxn:  Ann.  der  Phys.  (3),  67,  p.  846;  1899. 

^  Royds:  Phi].  Mag.,  21,  p.  167;  19x1.    Phys.  Zs.,  11,  p.  316;  1910. 
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present  research  was  well  under  way  when  the  results  of  Royds 
were  published,  and  that  the  methods  differ  only  in  minor  yet 
important  points  (the  results  being  at  considerable  variance) ,  it  is 
of  interest  to  notice  this  work  in  some  detail. 

Royds  used  a  hemispherical  mirror  of  German  silver  5  cm  in 
diameter.  The  Rubens  thermopile  and  the  blackened  strip  were 
placed  side  by  side  in  the  focus  of  the  mirror  and  the  incident 
energy  (the  image  of  an  illtmiinated  slit)  was  projected  on  either 
the  strip  or  the  thermopile  by  means  of  an  external  concave  mirror. 
The  thermopile  did  not  present  a  completely  opaque  siuiace  to  the 
incident  radiations  and  hence  a  great  amount  of  the  available 
energy  could  not  be  utilized.  Moreover,  the  slit  image  after  reflec- 
tion from  the  diffusing  surface  may  not  be  very  sharp  and  it  may 
not  be  uniformly  Uluminated.  This  is  very  marked  in  the  trans- 
parent, "  white,"  substances,  in  which  much  of  the  light  is  reflected 
at  considerable  distance  below  the  surface  so  that  the  observat  ons 
must  be  made  upon  the  assumption  that  the  distribution  of  the 
radiation  (the  *'  illumination  ")  is  the  same  in  the  slit  image  before 
and  after  reflection  from  the  diffusing  stuiace.  This  imiformity 
of  illumination  is  probably  of  minor  importance  for  black  surfaces, 
but  it  is  of  considerable  importance  with  white  surfaces  which  may 
reflect  as  high  as  90  per  cent  of  the  incident  energy.  Royds  makes 
no  mention  of  having  tested  his  outfit  with  a  white  diffusing  sur- 
face, e.  g.,  magnesium  carbonate,  which  gives  a  surprising  amount 
of  information  in  regard  to  the  adjustments,  the  distortion  and 
illumination  in  the  slit  image,  etc. 

Since  the  thermopile  and  the  reflecting  stuiace  were  stationary 
and  the  image  of  the  illtmiinated  slit  was  projected  upon  either  one 
by  means  of  an  external  concave  mirror  the  arrangement  of  the 
apparatus  did  not  permit  the  use  of  a  cone  of  rays  which  filled  the 
opening  in  the  hemispherical  mirror.  This  resulted  in  a  further 
reduction  of  the  available  incident  energy,  so  that  in  order  to  be 
able  to  measure  the  small  amotmt  of  energy  which  is  reflected  from 
lampblack,  a  very  sensitive  (i—o.yx  lo-**  amp.)  galvanometer 
had  to  be  employed.  As  a  result  he  had  to  apply  corrections  for 
diffuse  radiation  from  the  mcident  image,  and  for  energy  radiated 
from  the  black  surfaces  as  a  result  of  warming  from  exposure  to 
the  incident  radiation.     No  corrections  were  made  for  absorption 
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by  the  mirror  nor  for  the  opening  in  the  mirror,  which  correction 
he  says  could  not  be  estimated.  The  various  corrections  to  his 
observations  were  such  that  his  "  apparent "  values  are  two  to  three 
times  his  "true"  values.  His  ** apparent"  values  are  usually  in 
fair  agreement  with  results  obtained  in  the  present  paper.  He 
examined  the  spectral  regions  of  0.95,  8.8,  25,  and  52  m,  but  owing 
to  the  great  impurity  of  the  radiations  in  the  last  two  spectral 
regions  the  observations  can  not  be  given  much  weight. 

m.  APPARATUS  AND  METHODS 

In  designing  the  present  apparatus  the  attempt  was  made  to 
utilize  the  maximum  amotmt  of  the  available  energy.  This  per- 
mitted the  employment  of  a  galvanometer  of  low  sensitivity,  which 
eliminated  such  corrections  as  necessarily  result  when  using  a  very 
sensitive  radiometer.  For  example,  the  correction  used  by  Royds 
for  the  diflfuse  energy  falling  upon  the  thermopile  caused  by  the 
reflection  from  air  particles  when  the  incident  radiation  is  directed 
upon  the  lampblack  was  nil  in  the  present  investigation.  The 
utilization  of  a  large  amotmt  of  the  available  incident  energy 
resulted  from  (i)  the  employment  of  a  large  hemispherical  mirror 
which  permitted  the  use  of  a  large  incident  slit  image  and  a  large 
reflecting  surface  without  distortion;  (2)  the  use  of  a  radiometer 
which  intercepted  the  whole  slit  image;  (3)  the  use  of  a  beam  of 
radiations  which  filled  the  opening  in  the  hemispherical  mirror, 
which  was  made  possible  by  shifting  the  thermopile  and  the 
diffusing  surface  instead  of  shifting  the  slit  image,  as  was  done  by 
Royds.  The  main  objection  to  moving  the  thermopile  from  its 
position  at  the  conjugate  focus  of  the  reflecting  surface,  />,  Fig.  i, 
Af  to  the  position,  c,  occupied  by  the  reflecting  surface,  which  is 
necessary  in  order  to  determine  the  intensity  of  the  incident  radia- 
tion, is  the  shift  of  the  galvanometer  reading  owing  to  differences 
in  emissivity  and  in  temperattue  in  the  two  positions.  This  is  not 
marked,  however,  at  the  low  galvanometer  sensitivities  used  in  the 
work. 

The  apparatus  resulting  from  the  foregoing  considerations 
proved  far  more  sensitive  than  was  expected,  so  that  for  all  spec- 
tral regions  investigated  (excepting  at  24  /*)  the  galvanometer,"  of 
5.09  ohms  resistance,  was  used  on  a  complete  period  of  two  to  three 

u  This  Bulktin,  9,  p.  7:  191a. 
6966a  ** — 13 10 
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seconds  and  a  sensitivity  of  about  i  x  io~'  ampere.  For  the  spec- 
tral region  of  24  fi  the  complete  period  of  the  galvanometer  was  from 
four  to  five  seconds,  the  corresponding  sensitivity  being  about 
4  X  lo-**  ampere. 

The  ability  to  use  a  short-period  galvanometer  afforded  a  great 
saving  in  time.  In  fact,  the  time  was  consumed  mainly  in  waiting 
for  the  optical  system  to  come  to  temperature  equilibriiun  after 
mounting  a  specimen  in  the  hemispherical  mirror.  This,  however, 
was  not  a  serious  matter,  owing  to  the  low  radiation  sensitivity 
required  in  the  work. 

1.  The  Thermopile. — The  thermopile  consisted  of  22  junctions  of 
bismuth  and  silver  '»  mounted  in  a  space  10.5  mm  long,  as  shown 
at  />,  Fig.  I,  A,  and  Fig.  i ,  £.  Its  width  was  5  mm  and  its  resist- 
ance was  10.8  ohms.  The  individual  junctions  were  made  of 
bismuth  wire  o.i  mm  in  diameter  and  silver  wire  0.0513  mm 
diameter,  mounted  upon  an  ivory  support,  i,  as  shown  in  Fig.  i ,  E. 
The  wires  leading  to  the  galvanometer  are  attached  to  the  binding 
posts  b  by  Fig.  I .  The  thermopile  was  blackened  with  a  mixture 
of  lampblack  and  platinum  black,  then  smoked  with  soot  from  a 
sperm  candle.  It  was  covered  with  a  sheet  of  glass  0.095  mm  in 
thickness,  for  observations  in  the  spectral  region  to  0.95  fi;  and 
with  a  plate  of  clear  rock  salt  0.8  mm  in  thickness  for  the  longer 
wave  lengths.  The  use  of  a  receiver  that  intercepted  the  whole 
slit  image  eliminated  the  question  of  distortion  and  imiformity  of 
illtunination.  In  the  incident  slit  image  the  rays  are  received  in 
practically  a  normal  direction  upon  the  thermopile.  In  the  sUt 
unage,  formed  from  the  rays  reflected  from  the  diffusing  surface, 
the  rays  fall  upon  the  thermopile  at  all  angles  of  incidence.  The 
only  assiunption  which  is  made  is  that  the  difference  in  the  loss  by 
reflection  from  the  thermopile  and  the  window  is  negUgible  in  these 
two  meastuements. 

2.  The  Hemispherical  Mirror. — ^The  diameter  of  the  hemi- 
spherical mirror,  which  was  made  of  glass,  was  10  cm,  and  the 
opening  for  admitting  radiation  upon  the  thermopile  was  10  by 
20  mm. 

The  arrangement  of  the  mirror  in  the  mounting  is  shown  in 
Fig.  I,  B.    The  support  for  the  thermopile  and  the  substance  to 
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be  investigated  was  mounted  upon  a  movable  stage,  d,  S,  which 
in  turn  was  mounted  upon  a  brass  plate,  which  was  provided 


with  a  wide  flange,  Fig.  i,  A.     By  slightly  tilting  this  brass  phite, 
A,  upon  the  support,  B,  it  was  possible  to  focus  the  slit  image  of 
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the  radiations  reflected  from  the  diffusing  surface,  /,  Fig.  i,  D, 
upon  the  thermopile,  p.  This  adjustment  of  focus  was  necessary 
for  specimens  which  did  not  fit  nicely  in  the  place  occupied  by 
the  brass  block,  a,  upon  which  the  substances,  /,  were  usually 
mounted. 

The  distance  (6  to  7  mm)  between  the  centers  of  the  incident 
slit  image  (falling  upon  the  surface,  c)  and  its  reflected  image 
upon  the  thermopile,  p.  Pig.  i,  A,  was  made  as  small  as  possible 
in  comparison  with  the  size  of  the  hemispherical  mirror.  Pre- 
vious tests  with  a  Nemst  glower  10  mm  long  showed  no  distor- 
tion of  the  image  of  the  glower  for  a  displacement  of  1.2  cm  from 
the  axis  of  the  mirror.  However,  in  the  slit  image  of  the  light 
reflected  from  the  diffusing  surface  the  illtunination  did  not 
appear  so  tmiform,  and  there  appeared  to  be  more  abberation  at 
the  ends  of  the  slit  image.  This  was  especially  marked  in  a 
cleaveage  piece  of  marble,  from  which  the  reflected  slit  image 
was  surrounded  with  a  hazy  illumination.  A  piece  of  white 
cardboard  with  an  opening  5  by  10  nmi  was  placed  over  the  ther- 
mopile. This  facilitated  in  focusing  and  in  determining  that  all 
the  diffusely  reflected  light  fell  upon  the  thermopile. 

These  adjustments  were  made  with  a  white  diffusing  surface 
(of  AlaO,  of  PbCOs)  of  the  same  thickness  as  the  lampblack  sur- 
faces, which,  owing  to  its  high  reflecting  power,  produced  a  bright 
slit  image.  In  this  manner  the  effect  of  change  in  focus  upon  the 
amount  of  radiation  falling  upon  the  thermopile  was  investigated. 

3.  The  Optical  S3rstem. — The  arrangement  of  the  optical  parts 
of  the  auxiliary  apparatus  is  shown  in  Fig.  2,  which  shows  the 
hemispherical  mirror.  A,  containing  the  reflecting  substance,  /, 
and  the  thermopile,  p.  The  cylindrical  acetylene  flame  was  at  a 
and  the  Bimsen  flame,  or  Welsbach  mantle,  was  at  6.  The  shut- 
ters, d  and  e,  were  made  of  thin  sheet  altuninum  (10  by  15  cm), 
with  an  intervening  layer  of  asbestos  about  3  mm  in  thickness. 
They  were  bright  on  the  front  side  and  painted  black  on  the  side 
toward  the  thermopile.  A  large  water-cooled  diaphragm,  with 
an  opening  5  cm  in  diameter,  was  placed  at  C,  and  all  of  the  appa- 
ratus to  the  right  of  C,  Fig.  2,  was  inclosed  to  exclude  stray  light. 
A  flame  placed  back  of  a  large  plate  of  sheet  iron  with  a  slit,  s^ 
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represented  the  source  of  energy.  An  image  of  this  slit  was  pro- 
jected into  the  hemispherical  mirror  by  means  of  a  large  concave 
mirror,  -B  (17  cm  diameter,  100  cm  focal  length),  or  by  means  of  a 
triple  achromatic  lens,  L,  having  a  diameter  of  6  cm  and  a  focal 
length  of  18  cm.  In  the  latter  arrangement,  which  was  used  in 
the  first  observations  at  0.6,  fi  the  slit,  s,  and  flame,  a,  were  of 
course  placed  on  the  axis  of  the  lens,  L. 

The  arrangement  of  the  two  flames,  a  and  6,  the  concave  mirror, 
B,  and  the  plane,  silver  on  glass,  mirror,  M  (with  or  without  an 
absorption  cell,  c),  as  shown  in  Fig.  2,  permitted  the  measurement 
of  the  radiations  at  0.60,  0.95,  and  4.4  /x  in  succession  before 
changing  a  specimen.     For  isolating  the  radiations  at  8.8  /x  two 


Fig.  2 

quartz  plates,  5  mm  in  thickness  (ground  and  blackened  on  the 
rear  side)  and  the  silver  mirror,  M',  were  placed  as  shown  at  Q^ 
and  Q2.  Two  fluorite  plates  were  placed  at  Q^  and  Q2,  respec- 
tively, for  isolating  the  radiations  at  24  /x.  The  proper  positions 
of  these  mirrors  were  obtained  by  focusing  with  silver  on  glass 
mirrors  at  Q^  and  Q^,  respectively. 

Thfe  beam  of  light  did  not  entirely  fill  the  opening,  A,  in  the 
hemispherical  mirror,  so  that  by  slightly  timxing  the  mirror,  B, 
about  a  vertical  axis  it  was  possible  to  change  the  angle  of  inci- 
dence of  the  radiations  and  project  them  upon  different  parts  of 
the  reflecting  surface,  /,  which  ustially  was  about  6  mm  wide  and 
from  1 2  to  20  mm  in  length. 
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The  material  to  be  examined  was  usually  mounted  upon  a 
brass  block,  a,  Fig.  i,  £>,  which  was  25  by  6  by  10  mm,  which  was 
inserted  in  the  opening,  c,  in  the  stage,  d.  Pig.  i. 

The  arrangement  of  the  shutter,  d,  and  the  gas  mantle,  6,  at  a 
distance  of  about  1 5  cm  from  the  slit,  s,  Fig.  2,  prevented  the  latter 
from  becoming  warm  and  radiating  upon  the  thermopile  which 
would  happen  when  the  water  cell,  c,  was  not  in  place.  When  the 
gas  mantle  or  the  Bunsen  flame  were  used  (for  radiations  at  and 
beyond  4.4  /a)  the  acetylene  flame  was  of  coiu^e  extinguished,  the 
shutter,  e,  was  kept  raised,  and  the  absorption  cell,  c,  was  removed. 

When  using  the  triple  achromatic  lens  for  projecting  the  slit 
image,  the  size  of  the  opening  in  the  sheet  of  metal,  ^,  which  formed 
this  slit  was  i  .5  by  7.5  mm  and  the  image  was  practically  the  same 
size.  Owing  to  the  large  angle  of  incidence  there  was  some 
astigmatism  in  the  image  produced  by  the  concave  mirror.  The 
slit  was  therefore  reduced  to  7  by  2  mm  and  finally  to  7  by  i  .5  mm. 
In  all  cases  the  image  of  the  slit  at  /  was  about  8  by  2  mm,  hence 
there  was  no  danger  of  the  radiations  falling  outside  of  the  ther- 
mopile, especially  after  reflection  at  /  and  refocusing  at  />,  Fig.  2, 
when  the  sUt  image  was  not  very  sharp. 

The  method  of  determining  the  reflecting  power  consisted  in 
observing  the  galvanometer  deflection  when  the  radiations  were 
projected  upon  the  specimen  at  /,  and  after  reflection  therefrom 
were  focused  upon  the  thermopile  at  p;  then,  moving  the  stage,  s^ 
Fig.  I ,  until  the  thermopile  occupies  the  position  of  /,  observing 
the  galvanometer  deflection  for  the  direct  slit  image.  The  ratio 
of  the  reflected  radiations  to  the  direct  radiations  (in  galvanometer 
deflections)  gives  the  reflecting  power.  The  observations  were 
duplicated  for  most  of  the  substances.  This  is  especially  true  for 
the  radiations  at  0.65  /i  where  the  triple  achromatic  lens  and  also 
the  concave-mirror  arrangement  were  used  for  projecting  an  image 
of  the  slit  upon  the  substance;  also  for  the  radiations  at  0.95  and 
4.4  /A,  using  the  concave  mirror  for  projecting  the  slit  image.  In 
the  final  work  many  of  the  original  observations  were  repeated  at 
0.95  /A  and  4.4  /A  (using  the  two  flames  and  shutters  as  already 
described)  before  removing  the  specimen,  and  the  results  were 
found  in  excellent  agreement.  Throughout  the  work  the  various 
specimens  were  kept  covered  to  prevent  the  deposition  of  dust. 
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The  source  of  radiation  ustially  remained  constant  to  i  part  in  200 
for  several  hours. 

4.  Regions  of  the  Spectrum  Examined. — ^The  reflecting  power 
of  various  substances  was  found  for  the  following  regions  of  the 
spectnun: 

1 .  That  part  of  the  radiation  of  an  acetylene  (cylindrical)  flame 
which  is  transmitted  through  a  i  per  cent  solution  of  cupric 
chloride  "  2.5  cm  in  thickness.  Such  a  solution  is  opaque  to  all 
radiations  lying  beyond  0.7  /a.  The  energy  curve  of  this  trans- 
mitted radiation  does  not  differ  markedly  from  the  solar  energy 
curve.    The  maximum  of  the  transmitted  energy  lies  at  0.6  /a. 

2.  That  part  of  the  radiation  from  an  acetylene  flame  which  is 
transmitted  by  a  i  per  cent  solution  of  cupric  chloride  2.5  cm  in 
thickness  and  a  plate  of  green  glass  2.5  mm  in  thickness.  The 
transmitted  radiation  is  fairly  monochromatic,  the  maximum 
being  at  0.54  /*• 

3.  The  radiation  of  an  acetylene  flame  which  is  transmitted 
through  a  2  cm  layer  of  water.  The  water  cell  transmits  imif ormly 
all  the  visible  and  part  of  the  infra-red  toi  .4  /a.  The  maximum  of 
the  energy  curve  of  the  transmitted  radiation  lies  at  0.95  /*•  By 
using  a  plate  of  red  glass  2  mm  in  thickness,  as  indicated  in  the 
tabulated  data,  the  radiations  are  more  homogeneous,  extending 
from  0.67  /A  to  1.4  /i. 

4.  The  radiation  from  a  Bunsen  flame  which  consists  of  a  small 
emission  band  at  2.7  /i  and  a  very  strong  band  at  4.4  /a.  About  90 
per  cent  of  the  energy  emitted  by  a  Bunsen  flame  lies  at  4.4  /a. 

The  purity  of  the  maximum  emission  was  tested  with  a  thick 
plate  of  glass  which  is  opaque  to  radiation  lying  beyond  3.5  /a. 
A  sheet  of  plate  glass  8  mm  in  thickness  transmitted  5.8  per  cent 
and  a  sheet  15  mm  in  thickness  transmitted  3.7  per  cent  of  the 
radiation  from  the  flame.  From  this  it  appears  that  the  homo- 
geneity of  the  Bunsen  flame  radiation  at  4.4  /a  is  not  seriously 
affected  by.  the  weak  radiations  at  1.9,  2.7,  and  5.3  /a. 

5.  The  residual  rays  from  quartz.  The  source  of  energy  was 
the  radiation  from  a  Welsbach  mantle  which  was  reflected  from 
two  surfaces  of  quartz,  which  has  two  intense  bands  of  selective 
reflection  at  8.50  and  9.05  /a,  respectively.    The  mean  of  the  energy 

14  This  BiiUetm,  7,  p.  619*  X9xx*  md  9«  p.  zzo,  19x3. 
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curve  is  at  8.8  /*•  The  mayimnm  of  this  radiation  was  very  homo- 
geneous, only  0.43  per  cent  of  the  total  radiation  being  trans- 
mitted by  a  glass  plate  1.5  mm  in  thickness.  The  glass  plate 
transmitted  radiations  to  4*5  fi,  beyond  which  point,  up  to  8  m>  the 
reflecting  power  of  quartz  is  extremely  low,  and  throughout  this 
region  of  the  spectrum  the  radiation  from  the  gas  mantle  is  very 
weak. 

6.  The  residual  rays  from  fluorite.  The  source  of  energy  was 
an  incandescent  gas  mantle,  the  radiation  from  which  was  reflected 
from  two  plates  of  fluorite.  The  maximum  of  the  energy  curve 
was  fairly  homogeneous,  1.5  per  cent  being  transmitted  by  glass 
(opaque  beyond  4.5  fi)  and  7.8  per  cent  being  transmitted  by  a 
plate  of  fluorite  1.5  mm  in  thickness,  which  is  opaque  beyond 
10  /A.  The  homogeneity  could  have  been  increased  by  adding 
another  reflecting  surface  of  fluorite,  but  it  would  have  been  at  a 
sacrifice  of  the  total  energy  available.  Most  of  the  black  reflect- 
ing surfaces  examined  increase  in  reflecting  power  with  wave 
length.  Hence  it  is  to  be  inferred  that  the  observed  values 
would  be  a  trifle  higher  than  here  observed  if  the  radiation  had 
been  more  homogeneous.  This  is  of  minor  importance,  owing  to 
the  variation  in  reflecting  power  of  the  different  samples  of  the 
same  substances.  The  thermopile  was  covered  with  a  plate  of 
rock  salt  0.8  mm  in  thickness,  which  is  opaque  to  radiations 
beyond  30  /*;  hence  the  maximum  of  the  residual  rays  is  shifted 
from  its  true  position  to  about  24  /i. 

5.  Corrections  to  Observations. — A  part  of  the  energy  reflected 
from  the  substance  under  examination  escapes  through  the  open- 
ing which  admits  the  radiations  into  the  mirror.  The  amount  of 
energy  thus  lost  was  determined  experimentally  by  covering 
temporarily  a  part  of  the  silvered  siu^ace  adjoining  the  opening 
by  means  of  a  thin  sheet  of  aluminum  blackened  in  an  acetylene 
flame.  The  aluminum  sheet  was  bent  to  fit  the  curvature  of  the 
mirror,  and  the  area  of  the  blackened  surface  was  10  by  20  mm. 
When  not  in  use,  this  blackened  siu^ace  was  withdrawn  through 
the  opening  in  the  hemisphere.  The  experiment  consisted  in 
noting  the  amount  of  energy  (in  galvanometer  deflections)  reflected 
from  a  layer  of  lead  carbonate  with  and  without  the  blackened 
stu^ace  in  place  within  the  hemisphere.    The  ratio  of  the  galva- 
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nometer  deflections  in  four  complete  series  of  observations  varied 
from  97.1  to  97.5  per  cent  with  a  mean  value  of  97.3  per  cent. 
On  the  assumption  that,  in  the  region  occupied  by  the  black 
surface,  the  illumination  differs  by  a  negligible  amount  from  the 
value  for  the  center  of  the  mirror,  the  amount  of  energy  lost  by 
escaping  through  the  opening  is  about  2.7  per  cent  of  the  total 
energy  diffusely  reflected  within  the  hemisphere. 

A  further  correction  is  necessary  for  the  absorption  of  the 
diffuse  radiations  by  the  silvered  surface  of  the  hemispherical 
mirror.  This  correction,  which  depends  upon  the  spectral  region 
observed,  was  determined  by  placing  a  newly  silvered  plane 
mirror  in  the  place  occupied  by  the  diffusing  siu^ace,  /,  Fig.  2, 
and  at  c.  Fig.  i ,  A .  This  plane  mirror  was  placed  at  the  proper 
angle  to  reflect  all  the  incident  energy  upon  the  interior  of  the 
hemispherical  mirror  and  from  thence  upon  the  thermopile.  The 
ratio  of  the  galvanometer  deflection  for  the  energy  reflected  from 
the  silvered  surface  to  the  deflection  for  the  energy  falling  directly 
upon  the  thermopile  gave  the  reflecting  power  of  the  two  silver 
surfaces  and  the  square  root  gave  the  value  sought  for  a  single 
reflecting  surface.  These  values  of  the  reflecting  power,  deter- 
mined by  this  method,  are  in  excellent  agreement  with  the  values 
obtained  by  the  methods  previously  employed  by  other  observers. 
The  values  of  the  reflecting  power  of  silver,  for  the  spectral 
regions  employed,  are  given  in  Table  I.  In  this  same  table  are 
given  the  complete  correction  factors  with  which  the  observed 
(the  ** apparent")  reflecting  power  of  the  various  substances  was 
multiplied  in  order  to  obtain  the  **true"  (the  absolute)  values 
recorded  in  these  tables.  These  factors  are  the  reciprocals  of  the 
products  obtained  by  multiplying  the  reflecting  power  of  silver 
by  the  per  cent  of  diffuse  energy  (97.3)  which  is  intercepted  by 
the  hemispherical  mirror.  The  silvered  siu^ace  being  well  pro- 
tected does  not  tarnish,  so  that  these  correction  factors  are 
constant  for  the  investigation. 

The  corrections  used  by  Royds,  viz,  (i)  the  correction  for  extra 
radiation  falling  upon  the  thermopile,  as  the  result  of  scattering 
by  air  and  dust  particles  when  the  incident  radiation  was  pro- 
jected upon  the  diffusing  stuiace,  and  (2)  the  correction  for  rera- 
diation  upon  the  thermopile,  as  a  result  of  warming  of  the  diffus- 
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ing  surface  by  the  incident  radiation  projected  upon  it,  were  nil 
in  all  cases  except  when  very  thick  (0.3  to  0.4  mm)  layers  of 
lampblack  were  examined.  The  thick  lampblack  surfaces  seemed 
to  become  heated  when  they  appeared  to  radiate  upon  the  ther- 
mopile. To  the  eye  they  were  just  as  black  as  thin  deposits  of 
(acetylene)  soot.  Nevertheless,  they  apparently  reflected  from 
2.5  to  2.8  per  cent  at  0.95  /i  and  4.4  /*,  and  8  to  12  per  cent  at  8.8  /i. 
A  thin  deposit  of  soot  which  appeared  equally  black  and  exam- 
ined at  the  same  time  woidd  reflect  less  than  i  per  cent.  The 
lampblack  paints  also  reflected  about  3  per  cent,  and  they  ap- 
peared very  much  lighter  (reflected  more  of  the  incident  radiation 
upon  the  thermopile,  as  could  be  observed  visually)  than  the  soot 
deposits.  To  prevent  radiations  of  the  heated  thick  films  of  soot 
from  falling  upon  the  thermopile,  a  thin  (0.09  mm)  sheet  of  glass 
was  placed  over,  and  about  i  mm  from  the  surface  of,  the  deposit 
of  soot.  The  reflecting  power  of  the  thick  layer  at  0.95  fi  was 
then  reduced  from  2.7  per  cent  to  1.08  per  cent,  which  is  about  as 
low  a  value  as  was  observed  on  a  thinner  film  in  which  the  conduc- 
tivity to  the  brass  block  was  effective.  It  was  evident  that  the 
high  values  found  for  the  reflection  were  caused  by  reradiation, 
and  no  attempt  was  made  to  examine  very  thick  films,  such  as 
used  by  Royds.  The  thickness  of  the  deposits  of  soot  were  of 
the  order  of  o.  i  mm,  which  wias  found  by  experiment  sufl&cient  to 
absorb  the  maximum  amount  of  radiation.  The  presence  of  stray 
radiations  was  also  tested.  For  this  purpose  the  reflecting  stuiace 
(brass  block)  was  removed  from  the  carrier,  rf.  Fig.  i,  and  the 
radiations  coming  through  the  opening.  A,  in  the  hemispherical 
mirror  were  permitted  to  pass  out  through  c  to  the  rear  of  the 
apparatus  and  fall  upon  a  piece  of  black  velvet.  This  test  was 
applied  at  various  times  in  the  different  spectral  regions  used 
and  at  various  galvanometer  sensitivities,  but  no  deflection  (as 
large  as  o.i  mm)  coidd  be  observed  which  was  caused  by  radia- 
tions scattered  by  air  and  dust  particles.  The  galvanometer 
could  be  read  to  o.i  mm.  The  smallest  deflections  observed  by 
reflection  from  the  blackest  stuiaces  were  from  8  to  10  mm,  and 
usually  they  were  much  larger.  Hence,  if  there  had  been  correc- 
tions such  as  observed  by  Royds,  they  could  not  have  escaped 
notice.    As  mentioned  elsewhere,  the  apparatus  was  designed  so 
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as  to  require  a  low  radiation  sensitivity,  which  eliminated  these 
corrections,  and  the  accuracy  which  one  could  easily  attain  was 
I  part  in  200  to  400.  Evidently  from  the  nature  of  the  material 
it  would  have  been  illusory  to  attempt  a  higher  accuracy.  As  an 
illustration  of  the  accuracy  attainable  on  a  low  reflecting  power 
substance,  the  values  foimd  for  platinum  black  (No.  16,  Table  II) 
may  be  cited.  Two  determinations  on  different  days  gave,  re- 
spectively, 2.71  and  2.75  per  cent  for  the  reflecting  power. 

IV.  REFLECTING  POWER  OF  LAMPBLACK 

The  experimental  results  obtained  in  this  research  may  be  briefly 
portrayed  by  means  of  tabtilated  data  and  by  brief  conmients 
relating  thereto.  As  found  by  others,  all  sorts  of  lampblack  (soot) 
surfaces  can  be  prepared,  differing  in  reflecting  power,  for  the  same 
flame  and  for  different  flames.  The  most  permanent  coatings  are 
of  course  layers  of  paint  made  by  mixing  lampblack  with  turpen- 
tine, or,  if  the  latter  dries  too  slowly,  with  turpentine  and  alcohol. 
A  weak  alcoholic  solution  of  shellac  gives  a  much  more  grayish 
appearance  to  lampblack,  as  shown  by  the  highest  values  obtained 
in  Table  I.  But  the  reflecting  power  of  the  paint  is  so  high  that 
it  is  a  question  whether  it  might  not  be  better  practice  to  resmoke 
radiometers  when  the  soot  comes  off. 

Owing  to  the  fact  that  many  of  the  soot  deposits  became  soiled 
before  they  could  be  examined  in  another  spectral  region,  and  also 
to  the  fact  that  in  any  given  spectral  region  various  deposits  of 
soot  were  examined  when  they  were  removed  from  the  brass  blocks 
to  be  replaced  by  others,  but  few  of  the  same  deposits  were  exam- 
ined in  more  than  two  or  three  parts  of  the  spectrum.  Hence  (for 
clearness)  Table  I  differs  from  the  other  tables  in  that  the  observa- 
tions of  reflecting  power  upon  the  same  fihn  in  different  spectral 
regions  are  joined  by  dotted  lines.  The  additional  observations 
in  any  spectral  region,  e.  g.,  sperm  candle,  at  8.8  /i,  are  recorded 
without  any  special  reference  to  the  other  observations. 

Various  experiments  were  performed  on  lampblack  paints  pre- 
pared from  conmierdal  lampblack.  The  best  (purest)  material 
gave  reflecting  powers  varying  from  2.9  to  3.1  per  cent  at  0.60 /i. 
This  is  in  agreement  with  results  obtained  by  depositing  soot  from 
burning  camphor  in  a  "watch  crystal**  and  working  it  into  a 
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smooth  paint  with  turpentine.  As  shown  in  Table  I  the  reflecting 
powfer  of  lampblack  paint  is  fairly  imiform  in  the  region  of  4  to 
8  /i,  and  a  fair  correction  factor  for  (diffuse)  reflection  from  a  radi- 
ometer is  from  3.3  to  3.5  per  cent. 

Finely  ground  boneblack,  although  having  a  very  brownish 
color,  becomes  quite  black  {R  about  1.5  per  cent)  when  the  turpen- 
tine has  not  thoroughly  dried.  From  this  it  would  appear  that  if 
the  proper  vehicle  could  be  found  it  might  be  a  much  darker  paint 
than  ordinary  matte  lampblack  paint. 

The  deposits  of  soot  from  the  different  flames  were  **  hot "  when 
the  brass  block  was  drawn  through  the  flame  or  **cold  "  when  the 
flame  was  cooled  by  a  sheet-iron  fimnel  with  an  opening  i  by  10 
mm  at  the  top  through  which  the  smoke,  issued  and  over  which  the 
brass  block  was  held.  The  cold  deposits  usually  had  a  higher 
reflecting  power  than  the  hot  deposits.  As  already  mentioned, 
layers  0.05  to  o.  i  mm  in  thickness  usually  produced  a  maximum 
absorption.  Thicker  films  gave  higher  "apparent"  reflecting 
powers;  but  this  was  owing  to  heating  of  the  surface,  as  the  result 
of  lack  of  conduction  to  the  brass  block,  which  then  radiated  upon 
the  thermopile. 

Some  of  the  samples  of  soot  appeared  to  have  a  slightly  higher 
reflecting  power  in  the  visible  than  in  the  infra-red,  as  was  shown 
by  repeated  measurements  upon  the  same  film.  In  the  case  of  the 
deposit  of  soot  (from  a  sperm  candle)  upon  the  layer  of  platinum 
black.  No.  19,  Table  II,  the  reflecting  power  is  considerably  higher 
at  0.95  fi  than  at  4.4  /i.  Whether  this  is  due  to  the  structure  of  the 
material,  depth  of  penetration  (which  is  a  function  of  the  wave 
length),  and  consequent  variation  in  conductivity,  is  imknown. 
It  does  not  appear  imreasonable  to  suppose  that  for  visible  radia- 
tions which  do  not  penetrate  deeply  the  surface  might  become 
hotter  (hence  reradiation  to  the  thermopile)  than  it  would  for  the 
same  amount  of  energy  of  wave  lengths  at  4.4  /x,  which  penetrates 
more  deeply  into  the  layer  of  soot,  hence  is  absorbed  nearer  the 
brass  siuiace,  where  conditions  are  more  favorable  for  heat  con- 
ductivity. It  so  happened  that  for  the  spectral  regions  of  0.95  /i, 
4.4 /i,  and  8.8 /A  the  incident  radiation  was  of  practically  the  same 
intensity. 
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In  all  cases  the  blackest  obtainable  deposits  of  any  given  source 
were  investigated.  The  paraffin  candle  was  discarded  because  of 
the  difference  in  the  boiling  points  of  its  constituents.  The 
deposits  were  usually  whitbh.  The  rosin  was  burned  in  a  sperm 
candle  and  it,  as  well  as  camphor  (which  bums  without  the  pres- 
ence of  other  ingredients) ,  tends  to  give  granular  brownish  deposits 
having  a  reflecting  power  of  about  1.3  per  cent  in  the  visible 
spectrum.  The  cold  deposits  from  a  standard  candle  are  fairly 
imiform,  reflecting  about  1.25  per  cent.  The  **hot"  deposits  are 
much  blacker  and  reflect  about  i  per  cent.  Viewed  at  grazing 
emergence  the  surfaces  appear  as  smooth  as  polished  mirrors. 

The  blackest  obtainable  "hot"  deposits  were  made  in  the 
acetylene  flame,  the  lowest  observed  reflecting  power  being  0.42 
per  cent  and  the  average  deposit  reflecting  power  being  about  0.6 
per  cent  at  0.6  /a.  The  "  cold ' '  deposits,  obtained  by  holding  a  piece 
of  sheet  iron  against  the  flame  and  allowing  the  resultant  smoke 
to  deposit  upon  the  brass  block,  give  somewhat  higher  reflecting 
powers,  which  are  of  the  order  of  0.8  per  cent.  None  of  these 
deposits  have  the  brownish  appearance  to  be  observed  in  all 
deposits  of  soot  from  burning  camphor.  All  these  deposits  were 
obtained  by  using  standard  biuners.  To  test  the  effect  of  com- 
bustion without  air  being  mixed  with  the  gas  before  ignition,  a 
glass  tube  was  drawn  down  to  a  point  which  then  formed  the 
**biuTier."  The  flame  emits,  of  course,  a  dense  cloud  of  smoke. 
Tlie  deposit  upon  the  brass  block  was  smooth  and  brownish  in 
color,  similar  to  camphor  soot.  The  reflecting  power  (see  Table 
I,  Acetylene,  **no  air")  was  1.33  per  cent,  which  is  the  average 
value  of  camphor  soot. 

In  a  previous  paper  "  which  gives  data  on  the  absorptivity  of 
an  acetylene  flame  attention  was  called  to  the  peculiar  selective 
absorption  band  in  the  visible  spectrum  which  was  similar  to 
bands  found  in  metals— e.  g.,  nickel  and  platinum — ^which  are  in  a 
colloidal  state.  Moreover,  in  the  begiiming  of  this  paper  atten- 
tion was  called  to  the  seemingly  colloidal  properties  of  platintun 
black.  Platintun  black  and  acetylene  soot  are  the  blackest  sub- 
stances yet  recorded,  and  of  these  the  acetylene  soot  has  the 

^  This  BuUetin,  7.  p.  243;  19x1. 
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greater  absorption.  It  is  not  unreasonable  to  consider  the  car- 
bon particles  (and  the  platintun  in  the  electrolyte)  to  be  in  the 
colloidal  condition  at  the  instant  of  disruption  of  the  gas  molecule. 
In  the  hottest  part  of  the  flame  one  obtains  the  finest  particles — 
i.  e.,  the  blackest  surfaces.  These  stu^aces  viewed  at  grazing 
emergence  appear  as  perfect  mirrors  having  a  high  reflecting 
power. 

Acetylene  soot  has  a  very  low  heat  conductivity,  which  per- 
mitted warming  of  the  superficial  layers  of  a  thick  deposit  of  soot. 
The  temperattu^  rise  was  sufficient  to  cause  reradiation  upon  the 
thermopile,  and,  as  explained  elsewhere  in  this  paper,  the  appar- 
ent reflecting  powers  at  4.4  to  24  /i  were  of  the  order  of  2.6  to  3 
per  cent,  when  an  equally  black,  thin  fihn  reflected  less  than  i 
per  cent.  By  placing  a  thin  sheet  of  glass  in  front  of  the  thick 
fihn  (this  was  possible  for  the  region  of  0.95  /a  without  distiu'bing 
the  adjustments),  which  absorbed  all  the  radiations  of  long  wave 
lengths,  the  reflecting  power  was  reduced  from  2.6  per  cent  to 
1.08  per  cent,  showing  that  the  high  value  was  erroneous.  In 
practice  a  radiation  instnunent  should  therefore  be  covered  with 
a  film  of  acetylene  soot  which  is  less  than  o.  1 5  mm  thick. 

The  blackest  deposits  of  soot  are  obtained  by  holding  the  metal 
plate  in  the  flame.  But  this  will  be  rarely  possible  with  radiation 
instnunents.  Fiu*thermore,  unless  one  constructs  a  special  burner 
it  is  not  possible  to  blacken  large  stuf  aces  in  the  flame  without 
having  them  streaked  with  grayish  colored  material.  One  must 
therefore  use  cold  deposits  and  standard  material.  The  standard 
sperm  candle  is  the  most  promising  soiwce,  the  reflecting  power 
of  the  blackest  surfaces  being  about  i  per  cent  in  the  visible 
spectrum,  which  is  the  order  of  accuracy  of  radiation  work  at  the 
present  day.  It  is  difficult  to  remove  fine  dust  from  these  sur- 
faces ;  hence  it  appears  advisable  to  use  a  hemispherical  mirror  to 
intercept  the  diffusely  reflected  rays. 

For  the  absorbing  surface  of  a  secondary  radiometer  which  has 
been  calibrated  against  a  primary  standard  it  seems  desirable  to 
use  the  best  quality  of  lampblack  paint,  the  vehicle  being  a  vola- 
tile turpentine.  If  the  tiuT)entine  has  polymerized  and  dries 
slowly,  then  a  mixture  of  turpentine  and  alcohol  should  be  em- 
ployed.   The  turpentine  is  of  course  used  simply  to  render, the 
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lampblack  adhesive,  and  it  is  tised  instead  of  the  dilute  alcoholic 
solution  of  shellac  because,  as  akeady  mentioned,  the  latter  tends 
to  produce  a  graybh  siu^ace.  All  these  siu^aces  are  of  course 
perfectly  matte.  The  lampblack  paint  is  easily  freed  from  dust, 
hence  is  to  be  preferred  to  soot  when  the  instrument  must  be 
operated  in  the  open  air. 

V.  REFLECTING  POWER  OF  PLATINUM  BLACK 

The  electrolytic  deposits  of  platinum  black  were  deposited  upon 
sheet  platinum  0.02  mm  in  thickness  and  having  an  area  of  about 
0.5  by  5  cm.  These  platinum  sheets  were  then  mounted  upon 
the  brass  blocks  already  described  by  means  of  Khotinsky  cement. 
The  first  surfaces  were  made  from  a  solution  of  platinum  chlo-  ^ 
ride,  which  usually  gave  grayish  deposits.  After  many  attempts 
which  included  Nos.  4  and  5,  Table  II,  a  new  solution  of  chloro- 
platinic  acid  was  prepared  by  dissolving  a  known  weight  of  plati-  *^ 
num  (4  g  of  sheet  platinum)  in  aqua  regia.  This  material  was 
evaporated  to  as  near  dryness  as  was  possible  over  a  water  bath.  ^ 
This  evaporation  process  was  repeated  after  adding  hydrochloric 
acid.  The  resulting  material,  which  is  a  thick  reddish  sirup, -^ 
contained  8.3  g  (theoretical  value)  of  HjPtCl^.  From  this  a  solu- 
tion of  the  proper  concentration  recommended  by  Kurlbaum  ^* 
was  made  up,  viz,  5  g  of  HjPt  Cl«,  150  g  of  water,  and  0.04  g  of 
lead  acetate.  The  deposits  of  platimun  black  were  made  by 
passing  a  cxirrent  of  0.03  ampere  per  cm^  of  exposed  surface,  the 
time  being  varied  from  one  to  seven  minutes.  By  occasionally 
jarring  the  electrodes  the  escape  of  gas  bubbles  was  prevented. 
This  procedure  seemed  to  assist  in  forming  black  deposits.  The 
cathode  (strip  to  be  blackened)  was,  of  course,  placed  between 
two  strips  of  platinum,  which  formed  the  anode.  The  distance 
between  the  anode  and  cathode  was  about  2  cm.  The  platimun 
strips  were  made  suflSciently  long  and  every  other  precaution 
was  taken  so  as  not  to  contaminate  the  solution  by  contact  with 
the  copper  leads.  , 

The  manner  in  which  the  reflecting  power  decreases  with 
increase  in  thickness  of  the  deposit  is  well  illustrated  in  the 
samples,  Nos.  14  to  20,  given  in  Table  II.    The  reflecting  power 

**  Kurlbatim:  Ann.  der  Phys.  (3),  67,  p.  846;  1899. 
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is  a  function  of  the  wave  length,  a  much  thinner  deposit  being 
required  to  produce  a  maximum  absorption  for  the  spectral 
region  of  4.4  /i  than  for  the  region  of  8.8  /a.  At  normal  incidence 
the  thin  deposits  appear  darker  and  more  velvety  than  the  thick 
ones,  but  a  slight  deviation  from  the  normal  increases  the  reflect- 
ing power,  as  illustrated  in  No.  4  at  8.8  fi.  Moreover,  some  of  the 
very  dark  velvety  thick  deposits  tend  to  give  high  values  beyond 
4.4  /i,  although  they  show  an  abnormally  low  reflection  in  the 
visible  spectrum.  This  was  definitely  determined  by  repeated 
tests  on  No.  16,  which  was  similar  in  appearance  to  No.  17.  To 
the  eye  No.  1 6  appeared  slightly  darker  than  No.  1 2.  The  deposits 
Nos.  18  and  19  were  on  the  opposite  sides  of  a  strip  of  platintmi, 
deposited  at  the  same  time.  The  reflecting  powers  (1.78  and  2.13 
per  cent,  respectively)  are  considerably  different  at  8.8  fi.  Of 
course  this  is  quite  a  severe  test  of  reproducibility.  Deposits 
that  were  continued  for  more  than  seven  minutes  became  rough 
and  nodular.  From  Table  II  it  may  be  noticed  that  the  depo- 
sition of  platinum  black  should  be  continued  for  at  least  five 
minutes  to  obtain  a  maximum  absorption  at  4.4  fi;  and  the  best 
practice  is  to  continue  the  process  six  to  seven  minutes,  when  the 
maximum  absorption  is  attained  at  8.8  to  24  /x.  The  reflecting 
power  then  rises  gradually  from  about  i  per  cent  in  the  visible  to 
3  per  cent  at  24  fi. 

The  deposits  are  quite  adhesive,  so  that  if  kept  free  from  dust 
the  reflecting  power  changes  but  little  with  age.  This  is  illustrated 
in  the  two  series  of  measurements  on  Nos.  18  and  20  at  4.4  /x,  which 
were  reexamined  after  an  interval  of  about  a  month,  when  the 
apparatus  was  entirely  readjusted  and  different-sized  slit  images 
were  used.  The  ever-present  particles  of  lint  were  first  removed 
by  blowing  gently  with  the  breath.  In  the  second  set  of  measure- 
ments on  Nos.  18,  19,  and  20  the  observations  at  0.95  /*  and  4.4  fi 
were  made  in  succession  before  removing  the  specimen.  It  is, 
of  course,  to  be  understood  that  owing  to  the  labor  involved  in 
making  the  adjustments  of  the  quartz  and  fluorite  plates  the 
regions  of  8.8  /x  and  24  /a  were  examined  separately.  Hence,  the 
specimens  were  all  examined  in  succession  at  8.8  /x  before  tinning 
to  the  region  of  24  /*. 
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The  deposit  No.  1 9  was  smoked  with  soot  from  a  sperm  candle, 
which  raised  the  reflecting  power  in  the  visible  spectrum  without 
materially  affecting  the  region  of  4.4  /x. 

Chemically  precipitated  platinum  black  was  also  examined.  It 
is  quite  brownish  in  appearance.  One  of  the  three  samples  was 
a  layer  of  the  material  pressed  upon  the  brass  block,  as  already 
described.  The  others  were  painted  on  the  brass  plates  by  means 
of  a  solution  of  alcohol  and  turpentine,  which  dries  quicker  than 
turpentine.  In  both  cases  the  reflecting  power  is  high  (2  per  cent) 
in  the  visible,  increasing  to  1 2  per  cent  at  24  /x.  This  is  owing  to 
the  property  of  the  material  and  not  to  the  thickness  of  the  layer. 
The  thickness  of  the  layer  in  the  various  samples  examined  varied 
from  0.1  to  0.3  mm.  By  mixing  lampblack  and  platintun  black, 
equal  parts  (by  bulk),  and  applying  it  as  paint  the  reflecting 
power  is  raised  in  the  visible  and  reduced  at  24  /a.  This  specimen 
was  then  covered  with  soot  and  the  reflecting  power  was  reduced 
to  about  1 .4  per  cent.  Although  the  reflecting  power  is  now  more 
uniform  throughout  the  spectrum,  it  is  not  more  so  than  the 
electrolytic  deposit,  which  reflects  only  about  one-third  as  much 
energy.  Hence  the  precipitated  material  or  mixtures  of  the 
same  are  less  desirable  than  the  best  obtainable  lampblack  paints. 
(See  Table  I.) 

With  lampblack  difficulty  was  experienced  in  making  measure- 
ments owing  to  reradiation,  which  restilted  from  the  low  heat 
conductivity  and  consequent  heating  of  the  thick  layers  of  soot. 
This  was  not  experienced  in  platinum  black  owing  to  better 
thermal  conductivity.  The  glass  window  over  the  thermopile 
absorbed  this  reradiated  energy  from  the  black  surfaces.  In  the 
case  of  platinum  black  (which  was  more  thoroughly  studied  than 
soot  because  it  gives  more  permanent  surfaces)  the  reflecting 
power  at  0.95  /i  was  determined  with  a  glass  and  with  a  rock  salt 
window  on  the  thermopile.  The  values  are  in  perfect  agreement, 
showing  that  there  was  no  reradiation  upon  the  thermopile  when 
the  rock  salt  window  was  used.  The  values  are  therefore  to  be 
considered  reliable,  and  the  slight  variations  in  the  reflecting 
power  observed  in  the  table  are  owing  to  differences  in  the  struc- 
ture of  the  deposits.  Even  with  the  new  solution  one  of  the 
69662® — 13 1 1 
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deposits  came  out  quite  grayish  in  appearance.  This  seemed  to 
have  been  caused  by  excessive  agitation  of  the  electrolyte  to 
keep  the  electrodes  free  from  the  stream  of  gas  bubbles. 

An  examination  of  6  surface  bolometers  (12  branches  or  24 
surfaces),  piwchased  from  instnmient  makers,  showed  that  all 
the  herein-described  deposits  of  platinum  in  which  the  deposi- 
tion of  platinum  black  was  continued  for  at  least  4  minutes,  were 
better  than  the  stuiace  of  the  best  of  these  bolometers.  The 
bolometer  stuiaces  (even  the  thick  deposits)  showed  bright  spots 
where  the  metal  was  exposed.  One  bolometer  had  a  thin  deposit, 
similar  to  the  i  to  2  minute  deposits  shown  in  Nos.  13  and  14, 
Table  II.  From  this  the  conclusion  is  to  be  drawn  that  the  cor- 
rection for  diffuse  reflection  from  a  commercial  stuiace  bolometer 
is  from  2.5  to  3  per  cent  or  perhaps  as  high  as  5  per  cent.  In 
fact,  with  the  improved  facilities  now  at  hand,  it  is  better  to  obtain 
new  data  on  the  total  radiation  of  black  bodies  rather  than  attempt 
to  correct  the  old  data,  which  are  now  of  historical  interest 

With  this  end  in  view,  now  that  the  present  research  is  com- 
pleted, it  is  purposed  to  use  the  knowledge  gained  as  well  as  the 
hemispherical  mirror  and  thermopile  in  obtaining  data  on  the 
constants  which  enter  into  the  Stefan  law  of  total  radiation. 

VI.  REFLECTING  POWER  OF  GREEN  LEAVES 

The  first  examination  of  diffuse  reflecting  power  of  growing 
leaves  was  undertaken  in  May,  1908,  the  apparatus  employed 
being  a  bolometer,  a  mirror  spectrometer,  and  a  fluorite.  prism. 
The  leaves  were  mounted  upon  a  holder  beside  a  silver  compari- 
son mirror,  and  the  observations  were  carried  out  in  the  same 
manner  as  was  employed  in  the  determination  of  the  reflecting 
power  of  plane  mirrors."  The  angle  of  incidence  was  45°,  and 
the  distance  of  the  reflecting  surface  to  the  spectrometer  slit  was 
about  6  cm.  The  source  of  light  was  a  Nemst  glower.  The 
values  thus  obtained  are  of  course  only  relative  for  the  different 
wave  lengths.  The  observations  extended  to  3  fi  (see  Fig.  3) ,  and 
in  all  cases  there  appeared  to  be  a  decrease  in  the  amount  of 
energy  reflected  with  increase  in  wave  length.  This  seems 
plausible,  for  the  increase  in  opacity  with  wave  length  beyond 

"  This  Bunctm,  t,  p.  457, 1906,  and  7,  p.  197, 19x1. 


CoNmlt) 


Diffuse  Reflecting  Pozoer 


309 


1 .4  fi,  which  obtains  in  water,  would  decrease  the  amount  of  radia- 
tion that  can  return  by  internal  reflection.  The  curve  **  Red  Oak, 
II  a,"  was  obtained  after  the  sample  **  Red  Oak,  II,"  had  remained 
upon  the  spectrometer  overnight,  when  considerable  of  the  mois- 
ttwe  had  evaporated.  It  is  therefore  to  be  expected  that  the 
reflecting  power  would  be  less  than  when  the  cells  contained 
moisture. 

For  magnesitmi  carbonate  the  decrease  in  reflecting  power  with 
increase  in  wave  length  might  result  from  a  decrease  in  refractive 
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Pig.  3. — Reflecting  power  of  green  leaves 

index,  which  obtains  in  all  similar  **  transparent  media.*'  This 
decrease  in  reflecting  power  is  more  noticeable  in  the  region  of  4.4  /i. 
In  this  year's  work,  unless  otherwise  noted,  the  green  leaves 
were  examined  in  the  latter  part  of  May.  The  oldest  (darkest 
green)  leaves  were  selected,  which  were  entirely  free  from  injury. 
The  reflecting  power  is  somewhat  less  for  the  fully  mattu'ed  leaves 
of  the  oak  and  the  tulip  tree.  Table  III,  gathered  in  July.  The 
clover,  locust,  laurel,  and  lilac  leaves  appeared  well  matured  when 
examined. 
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From  Table  III  it  appears  that  vegetation  reflects  about  25 
per  cent  of  the  solar  rays.  The  value  may  be  a  little  higher  than 
this,  for  the  absorption  cell  used  with  the  acetylene  flame  pro- 
duces an  energy  distribution,  which  is  somewhat  richer  in  red  and 
infra-red  rays  than  obtains  in  average  sunlight.  This  value  can 
not  greatly  diflfer  from  the  true  one,  however,  for  using  mono- 
chromatic radiation  corresponding  closely  with  the  color  of  leaves 
(green  glass;  X= 0.54/1),  the  observed  reflecting  power  of  clover, 
lilac,  and  tulip  tree  leaves  is  not  much  higher  than  for  the  com- 
posite rays  which  have  a  maximvun  at  0.60  fi.  These  tests  were  of 
coiu-se  applied  on  the  same  leaf  by  simply  placing  a  green  glass 
before  the  absorption  cell.  The  mullein  leaf  gave  surprising  results, 
the  reflecting  power  diflfering  but  little  from  that  of  other  leaves. 
Because  of  the  densely  wooly  smiace  the  expectation  was  to 
observe  a  high  reflecting  power.  Evidently  the  tomentous  cover- 
ing contributes  but  little  in  raising  the  reflecting  power.  This  is 
of  interest  in  connection  with  desert  plants  having  a  wooly  cover- 
ing. The  transmission  was  diflScult  to  observe  owing  to  the 
warming  of,  and  the  consequent  reradiation  from,  the  leaves  upon 
the  thermopile.  The  leaf  to  be  examined  was  placed  over  the 
thermopile,  the  distance  between  the  two  being  about  i  mm  to 
avoid  heat  conductivity  to  the  thermopile.  The  transmission  of  a 
leaf  (after  correction  for  reflection)  is  about  20  per  cent.  Table 
III.  The  two  kinds  of  leaves,  lilac  and  locust,  differed  consider- 
ably in  thickness. 

According  to  the  measurements  of  Brown  and  Escombe  "  the 
absorption  of  leaves  is  68  to  69  per  cent  of  the  total  solar  energy. 
Their  values  for  the  loss  of  solar  radiation  by  transmission  through 
the  leaf  are  of  the  order  of  30  per  cent,  depending,  of  course,  upon 
the  kind  of  leaf.  These  values  are  in  fair  agreement  with  present 
observations,  considering  the  natm^  of  the  material  and  the 
apparatus  used.  Brown  and  Escombe  (loc.  dt.)  have  also  pub- 
lished values  for  the  total  energy  expended  in  internal  work,  viz, 
the  energy  used  for  photos3mthesis  (about  1.5  per  cent)  and  the 
energy  used  in  transpiration  of  water  (10  to  60  per  cent,  depending 
upon  the  kind  of  leaf) .  They  f otmd  that  the  maximum  tempera- 
ttu^e  excess  above  its  surrotmdings  to  which  a  growing  leaf  can  be 
raised  in  still  air  and  exposed  to  the  sim  is  about  o?o2. 

1*  Brown  and  Bsoombe:  Proc.  Roy.  Soc,  hood,,  B,  79,  p.  99;  1905. 
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All  these  data  are  very  instructive  when  compared  with  the 
reflecting  power  of  building  material,  e.  g.,  brick,  marble,  grano- 
lith,  and  asphalt,  given  in  Table  V.  In  the  latter  the  energy 
absorbed  is  not  utilized  in  internal  work,  and  the  temperature  may 
rise  a  very  considerable  amoimt,  the  rise  depending  upon  exposure 
to  wind,  etc.  Hence  in  marked  contrast  with  vegetation,  when  the 
Sim  is  obscured  or  has  set,  the  building  material  continues  to 
reradiate  the  energy  absorbed  during  the  daytime. 

It  is  beyond  the  scope  of  this  paper  to  discuss  the  economic 
importance  which  would  result  from  the  application  of  these  data. 
SuflSce  it  to  say  that  imtil  traffic  demands  the  ftdl  width,  a  con- 
siderable portion  of  the  total  width  of  a  street  and  sidewalk  should 
be  occupied  by  trees  and  grass  instead  of  asphaltmn  and  granolith. 
The  same  thing  is  true  of  observatories,  which  should  be  surrotmded 
with  thickly  growing  vegetation,  such  as  Norway  pine  and  dwarf 
evergreens.  Evergreen  trees  which  are  not  too  tall  to  interfere 
with  telescopic  work  should  stand  thick  and  close  to  an  observa- 
tory, so  as  to  shield  it  from  the  stm. 

The  reflecting  power  of  a  green  leaf  in  different  spectral  regions 
is  given  in  Table  V.  The  reflecting  power  is  much  higher  for  an 
old  leaf  from  which  the  chlorophyll  has  disappeared.  A  bright 
yellow  tmdried  leaf  of  the  tulip  tree  reflects  almost  half  of  the 
incident  light.  Table  III. 

Vn.  REFLECTING  POWER  OF  PIGMENTS 

The  powdered  material  was  mounted  upon  the  brass  block, 
Fig.  I ,  Z?.  In  some  cases  the  material  was  moistened  with  water 
containing  a  trace  of  gtun  arabic,  but  there  was  difficulty  in  causing 
the  material  to  adhere  to  the  block.  This  difficulty  was  overcome 
by  putting  a  thin  coat  of  shellac  varnish  upon  the  brass  block. 
After  the  shellac  had  become  quite  dry  a  thick  (0.3  mm)  layer  of 
the  powder  was  pressed  upon  the  block  and  flattened  with  a  plate 
of  glass.  The  effect  of  smoothness  usually  was  not  noticeable. 
However,  in  substances  having  high  metallic  reflection,  e.  g., 
silicates,  carbonates,  and  sulphates,  at  8  to  9  /i  (see  Table  IV, 
quartz  at  8.8  /i)  the  smoothness  of  the  smiace  was  of  importance. 
For  example,  a  rather  coarse-grained  sample  of  powdered  feldspar 
reflected  10.3  per  cent  at  8.8  /i.  On  pressing  the  material  into  a 
more  compact  mass  the  reflecting  power  rose  to  14.6  per  cent. 
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Zirconium  oxide  motinted  by  the  two  methods  gave  concordant 
results.  Owing  to  the  high  reflecting  power  of  the  material  so 
much  energy  was  thrown  upon  the  thermopile  that  the  glass  win- 
dow, which  absorbs  about  15  per  cent  of  the  radiations  at  4.4  fi, 
became  sufficiently  warm  to  cause  the  galvanometer  to  drift.  It 
was  therefore  impossible  to  obtain  trustworthy  values  of  the 
reflecting  power  of  the  white  powders  with  the  glass  window  in 
place.  It  was  therefore  replaced  by  a  window  of  rock  salt.  When 
examining  the  black  substances  at  4.4  fi  the  opposite  condition 
obtained.  In  comparison  to  the  total  amotmt  rdlected  the  tem- 
perature rise  was  such  that  reradiation  from  the  lampblack 
became  appreciable.  The  glass  window  was  therefore  used  over 
the  thermopile  to  absorb  the  radiations  from  the  black  substances. 

As  mentioned  elsewhere,  there  is  a  distinction  between  the  high 
reflecting  power  observed  at  4.4  fi  and  at  8.8  m-  The  high  values 
(40  to  50  per  cent)  at  4.4  fi  are  to  be  ascribed  to  internal  reflec- 
tion. On  the  other  hand,  it  is  a  coupon  property  of  insulators 
to  be  very  opaque  beyond  5  fi  and  to  have  bands  of  selective  re- 
flection beyond  6  fi.  For  example,  carbonates  have  bands  of 
selective  reflection  in  the  region  of  6.9  fi;  sulphates  and  silicates 
have  bands  of  strong  selective  reflection  in  the  region  of  9  fi. 
Hence  the  high  reflecting  powers  observed  in  the  case  of  carbonates 
and  silicates,  Table  IV,  at  8.8  u  is  owing  to  selective  reflection  from 
the  stirface  of  the  particles. 

The  low  reflecting  power  of  the  aluminum  oxide  at  8.8  fi  is  of 
interest,  because  the  observations  were  made  in  the  region  of 
anomalous  dispersion,  where  the  reflecting  power  is  abnormally 
low,"  followed  by  bands  of  metallic  reflection  at  12  to  14  /i.  Zinc 
oxide  also  has  a  low  reflection  at  8.8  fi.  The  reflecting  power  of  a 
plane  highly  polished  surface  is  low  and  uniform  throughout  this 
region.**  By  pressing  the  powdered  material  into  a  smooth,  com- 
pact mass  the  reflecting  power  (3.2  per  cent)  was  not  materially 
increased.  This  shows  that  it  is  not  a  surface  phenomenon,  as 
fotmd  in  silicates  and  carbonates.  For  example,  in  lead  car- 
bonate which  was  pressed  into  a  smooth,  hard  mass  comparable 
with  that  of  the  zinc-oxide  sample  just  mentioned  the  diffuse 

>*  See  Invfttigattons  oC  Infra-red  Spectra,  Pablicatioo  No.  97.  P*  z8»  Carnegie  Instltuttoa,  x9oS< 
*>  Carnegie  Publication,  No.  97,  p.  ij. 
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reflecting  power  was  raised  from  8.3  to  13.2  per  cent.  These  stir- 
faces,  including  zirconium  oxide,  which  has  a  low  reflecting  power, 
appeared  dull  at  normal  incidence,  but  when  viewed  at  grazing 
incidence  appeared  like  highly  polished  mirrors.  The  difference 
between  ** surface  color*'  and  **body  color"  is  well  illustrated  in 
lead  carbonate  and  in  zinc  oxide. 

Lead  oxide  appears  to  have  an  extremely  high  reflecting  power 
in  the  region  of  8.8  /x,  and  by  using  a  plane  highly  polished  surface 
the  reflection  spectrtun  of  this  substance  should  be  examined  for 
residual  rays  in  the  region  of  8  to  10  /x. 

Many  of  the  substances  examined  show  a  high  reflecting  power 
for  the  spectral  region  of  24  /x,  from  which  it  is  to  be  inferred  that 
they  possess  strong  selective  reflection  in  this  region  of  the  spec- 
trtun. It  is  of  course  already  known  that  carbonates  and  silicates 
have  bands  of  selective  reflection  in  this  region  of  the  spectrum. 

Mention  was  made  hi  the  beginning  of  this  paper  that  the  most 
efficient  paint  to  protect  a  building  from  solar  rays  is  one  having 
a  high  reflecting  power  in  the  visible  spectrum  and  a  low  reflect- 
ing power  in  the  region  of  8  to  9  fi.  Of  the  various  materials  used 
in  paints,  zinc  oxide  would  be  the  most  efficient  radiator  in  the 
region  of  8  to  10  fA,  but,  as  will  be  noticed  presently,  it  does  not 
appear  to  reflect  so  highly  as  lead  carbonate  in  the  visible  and  in 
the  violet.  The  same  condition  is  fotmd  in  the  dry  pigments. 
However,  the  white  lead  does  not  appear  so  bluish  white  as  the 
zinc  oxide. 

Vm.  REFLECTING  POWER  OF  MISCELLANEOUS 

SUBSTANCES 

In  Table  V  are  given  the  data  obtained  on  various  substances 
not  closely  related  to  the  groups  already  described.  The  ground 
and  the  cleavage  surface  of  white  marble  illustrate  the  effect  of 
grain  size  upon  the  reflecting  power  as  mentioned  in  the  beginning 
of  the  paper.  The  brown  sand  examined  illustrates  the  average 
reflection  from  material  obtainable  along  roadsides.  Fine  dust 
would  probably  have  a  higher  reflection.  The  effect  of  fine  dust 
upon  asphaltum  is  also  shown  in  this  table.  The  sample  examined 
was  a  piece  of  road  material  which  was  being  removed  after  some 
years  usage.    The  granolith  was  a  piece  of  pavement  which  was 
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washed  free  from  dtist.  Of  the  other  building  materials  the  slate 
used  in  roofing  is  of  interest,  for  it  reflects  only  about  6.7  per  cent 
of  the  solar  rays. 

For  convenience  in  tabulating,  the  data  on  "bluestone"  (the 
dark-colored  sandstone  extensively  used  in  btiildings)  are  given 
in  Table  IV.  This  material  cleaves  into  thin  flat  lamina.  The 
reflecting  power  at  8.8  fi  and  24  /x  is  very  high,  owing  to  the  bands 
of  selective  reflection  (silica)  and  the  presence  of  fine  crystal 
surfaces.  The  reflecting  power  of  powdered  feldspar  and  of  quartz 
("French  flint")  are  also  given  in  Table  IV.  These  data  are  of 
interest  in  connection  with  the  question  whether  the  observed 
Itmar  radiation  in  the  region  of  8  to  10  fi  is  really,  to  a  large  extent, 
selectively  reflected  solar  radiation.** 

Black  velvet  has  a  very  low  reflecting  power.  The  reflecting 
power  of  the  sample  of  black  felt  recorded  in  Table  V  was  examined 
several  times  on  different  days.  The  final  test  was  made  with  a 
thin  sheet  of  glass  over  the  felt  in  addition  to  the  glass  window 
covering  the  thermopile,  and  in  another  test  the  thermopile  was 
covered  with  a  sheet  of  red  glass  2  mm  in  thickness.  The  values 
for  the  reflecting  power  were  always  high,  and  it  was  concluded  that 
this  is  owing  to  the  manner  in  which  the  dye  has  affected  the  cellu- 
lar structure  of  the  fibers.  Other  samples  of  woolen  cloth  were 
examined,  all  of  which  had  a  high  reflecting  power.  (See  Table 
VI.)  A  similarly  high  reflecting  power  was  also  observed  in  all  of 
the  cotton  cloths  examined  except  the  **sulphiu-  black,"  which 
reflected  only  about  2.43  per  cent.  Using  two  thicknesses  of  this 
cloth  the  reflecting  power  was  2.37  per  cent.  This  shows  that  the 
high  reflection  in  the  equally  thick  woolen  samples  was  not  caused 
by  warming  and  reradiation.  Similarly,  the  high  reflecting 
power  (33  per  cent)  of  one  and  of  two  layers  of  **  Diamine  fast 
black,"  Table  VI,  showed  that  this  was  not  owing  to  reflection 
from  the  brass  block  upon  which  the  cloth  was  moimted.  These 
samples  of  cloth  were  attached  to  the  brass  blocks  already  described 
by  means  of  a  thin  coat  of  shellac  varnish,  which  was  allowed  to 
become  quite  dry  before  applying  the  cloth.  The  samples  of  cloth 
recorded  in  Table  VI  were  taken  from  the  pattern  sheets  published 
in  the  Journal  of  the  Society  of  Dyers  and  Colorists  for  191 2. 

"  Cobkntz:  Phys.  Rev.  44,  p.  307;  1907. 
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At  first  it  was  thought  that  the  high  reflection  might  be  caused 
by  the  superposition  of  an  infra-red  fluorescent  radiation  (of  wave 
lengths  between  1.5/1  and  3  fj)  upon  the  diffusely  reflected  radiations 
of  X=o.6  fi  and  0.95  /a,  respectively;  but  the  tests  applied  did  not 
give  conclusive  evidence  of  such  a  phenomenon.  This  is  a  question 
that  requires  fiuther  investigation." 

K.    SELECTIVE   REFLECTION  AND   EMISSION    OF  WHITE 

PAINTS 

The  problem  is  to  find  a  white  paint  that  reflects  a  maximum 
amount  of  visible  rays  and  a  minhnum  amount  of  infra-red  rays  of 
wave  lengths  between  6  and  10  /x.  In  this  manner  a  large  portion 
of  the  solar  rays  will  be  reflected  into  space,  and  the  rise  in  tem- 
perature resulting  from  the  solar  rays  that  are  absorbed  will  be 
prevented  by  reradiation,  which  is  facilitated  by  a  high  emis- 
sivity  (low  reflection)  at  6  to  10  fi. 

Unfortimately,  the  paint  (zinc  oxide)  that  fulfills  the  latter 
condition  has  a  lower  reflecting  power  than  white  lead  m  the 
visible  spectnun.  It  can  not  be  used  for  exterior  work.  The 
next  best  primary  paint  for  exterior  work  is  white  lead,  but  like 
all  carbonates  its  infra-red  emissivity  is  not  as  high  as  that  of 
zinc  oxide.  Radiometrically  it  would  therefore  appear  to  be 
better  to  use  a  mixttwe  composed  of  white  lead  and  as  high  a 
proportion  of  zinc  oxide  as  is  permissible  to  form  a  good  paint. 

The  carbonates,  sulphates,  and  silicates  have  bands  of  strong 
metallic  reflection  in  the  region  of  7  to  9  /*,  which  suppress  the 
reradiation  of  the  absorbed  solar  rays.  In  binary  mixtures, 
sulphates  and  silicates  are  less  desirable  than  carbonates,  for 
their  infra-red  reflecting  power  is  higher  and  the  bands  do  not  lie 
close  to  those  of  lead  carbonate.  This  suppresses  the  emissivity 
over  a  wide  range  of  the  infra-red  spectrum.     Of  course,  a  few 

(5  to  8)  per  cent  of  silica  or  china  clay,  which  is  said  to  improve 

^— ■^^^^^— — ■^■^^■^^j ^.^»^i»^»— — ^i»i^— ^— »i^»^p— ^— i^»^— ^—i ^— ^— i^— ^— ^-^■^— ^-^— ^— ^^— ^^^— ^— ^— i      — ^^— ^-^^    ^ 

» As  this  paper  goes  to  press  some  results  <m  dififuse  reflection  have  been  published  by  Dr.  Nutting. 
(Trans.  Ilhim.  Ens.  7,  p.  4x2;  19x3.)  The  instrument  used  by  him  for  measuring  the  diffuse  reflection  is 
built  upon  an  entirdy  different  principle.  Nevertheless,  our  results  are  entirely  in  agreement.  For 
cxami^  he  found  the  reflecting  power  of  black  velvet  to  be  x.8  per  cent  (really  1.75  for  the  mean  of  the 
two  positiooi  of  his  photometer),  as  compared  with  x.75  per  cent  by  the  present  method.  Pot  one  sheet 
of  ordinary  white  paper  he  found  a  reflecting  power  of  73.2  per  cent  and  for  several  superposed  sheets  he 
found  a  value  of  73.3  per  cent.  In  the  present  researdi  the  reflecting  power  of  a  single  sheet,  of  the  same 
kind  of  paper  as  used  by  him,  was  found  to  be  71.7  per  cent  and  for  two  superposed  sheets  it  was  73.4 
per  cent. 
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white  lead  mechanically,  can  not  seriously  affect  the  radiating 
properties  of  the  primary,  viz,  white  lead.  The  combination  of 
calcitmi  sulphate  and  of  barytes  with  white  lead  appeared  much 
darker  than  a  similar  combination  with  calciimi  carbonate. 

The  white  paints  examined  quantitatively  for  reflection  were 
samples  which  had  been  grotmd  in  linseed  oil  tmder  standard 
conditions."  They  were  painted  (five  or  more  coats)  upon  the 
aforementioned  brass  blocks  and  were  thoroughly  dry.  There 
was  no  marked  difference  in  the  reflecting  power  of  white  lead 
mads  by  different  processes  (American,  Dutch,  and  French),  the 
reflecting  power  of  various  samples  varying  from  74.3  to  76.0  per 
cent.  (See  Table  VI.)  Similarly,  the  samples  of  zinc  oxide  paints 
reflected  from  68  to  69  per  cent.  This  agrees  with  previous 
observations  on  the  dry  pigments,  which  show  that  lead  carbon- 
ate has  a  higher  reflecting  power  than  zinc  oxide.  A  mixture 
of  equal  parts  of  white  lead  and  of  zinc  oxide  reflected  71  per 
cent.  In  view  of  the  fact  that  the  reflecting  power  of  aluminum, 
Table  I,  is  high  in  the  visible  and  in  the  ultra-violet,  it  was  of 
interest  to  determine  whether  sheet  altmiiniun  would  be  more 
satisfactory  than  white  paint  for  protecting  a  btiilding  against 
warming  by  solar  rays.  The  difference  in  reflecting  power  of 
aluminvun  and  white  paint  is  not  so  marked  in  the  visible  spectrum 
as  in  the  infra-red  Both  materials  absorb  considerable  stmlight, 
but  the  aluminvun  has  the  lower  emissivity  for  the  radiations  at 
6  to  12  /i.  Hence,  it  can  not  radiate  the  absorbed  energy  as  rapidly 
as  the  white  paint  and  its  temperature  rises  above  that  of  white 
paint.  This  conclusion  b  borne  out  by  the  following  experi- 
ments, in  which  the  temperature  of  two  similar  plates  of  alummum 
was  observed  before  and  after  one  plate  was  painted  with  white 
lead  ground  in  pure  linseed  oil.  Two  sizes  of  sheet  altmiinum 
were  tested:  A,  46  by  48  by  0.718  mm;  B,  68  by  69  by  0.245  mm. 
Thermocouples  of  copper  and  constantan  wires  were  inserted  and 
riveted  in  holes  drilled  through  the  ahiminum  plates,  and  as  a 
further  attempt  to  obtain  good  contact  the  junctions  were  tight- 
ened with  Wood's  alloy.  The  constantan  wire  was  0.31  mm  and 
the  copper  was  0.40  mm  in  diameter.  The  cold  junctions  were 
kept  in  ice.    The  aluminum  sheets  were  moimted  side  by  side 

»  Proc.  Amer.  Soc.  for  Testing  Matcrudt,  11.  p.  ta6;  1911. 
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upon  a  board  of  yellow  poplar  20  by  19  by  1.8  cm  and  exposed 
to  direct  sunlight.  The  temperature  of  the  pairs  of  sheets, 
A  and  B,  and  the  difference  in  temperature  was  measured  by 
means  of  a  potentiometer.  The  thick  impainted  plates  (A), 
covered  with  window  glass  and  exposed  to  sunlight,  showed  no 
difference  (difference  =  o?o5)  in  temperature;  but  in  the  thin 
sheets  B-I  was  about  i?i  hotter  than  B-II,  when  at  a  tempera- 
ture of  about  37^  C.  The  tests  were  made  on  a  somewhat  windy 
day,  which  prevented  accurate  measurements  without  glass 
covers  over  the  aluminum  plates.  There  is  no  reason,  however, 
for  thinking  that  the  observations  would  have  been  different 
without  the  glass.  Sheets  No.  II  of  both  A  and  B  were  then 
given  two  coats  of  pure  white-lead  paint.  Exposed  to  sunlight 
imder  glass  the  temperature  of  the  painted  surface  of  A  (II)  was 
about  o?8  higher  than  A-I.  Similarly,  the  temperature  of  B-II 
(the  painted  surface)  was  about  o?9  higher  than  B-I,  the  actual 
temperature  being  from  46  to  47^  C.  The  sky  was  perfectly 
clear  (Oct.  7,  191 2)  with  only  a  slight  breeze  blowing.  With- 
out the  glass  coverings,  which  is  the  test  of  most  interest,  the 
unpainted  aluminum  plate  was  the  hotter.  For  A-I  the  tem- 
perature of  the  bare  aluminum  was  3?o  to  3?i  higher  than  the 
exactly  similar  sheet  having  two  coats  of  white-lead  paint.  The 
actual  temperature  of  A-I  was  about  44?  7.  Similarly,  for  B-I 
the  temperature  excess  of  the  bare  aluminum  sheet  was  2?3  to 
2?4,  the  actual  temperature  being  about  43?7.  The  intensity 
of  the  solar  radiation,  Q,  was  about  1.161  g  cal.  cm*  min. 

These  tests  were  repeated,  using  three  coats  of  paint.  The 
weather  was  perfectly  clear  (Oct.  10,  191 2),  and  no  breeze  blow- 
ing. The  intensity  of  the  solar  radiation  was  1.157  gr.  cal.  cm' 
min.  The  plates  were  exposed  directly  to  the  sun — ^i.  e.,  no  glass 
intervening.  For  A-I  the  temperature  excess  was  4?i  to  4?3,  the 
actual  temperature  being  about  45®  C.  Similarly,  for  B-I  (un- 
painted aluminum)  the  temperature  excess  was  3?o  to  3?2,  the 
actual  temperature  being  about  42?7.  From  these  tests  it  is 
evident  that  a  metal  roof  painted  with  several  coats  of  white 
paint  is  far  superior  to  one  of  bright  metal.  As  already  msn- 
tioned,  this  is  owing  to  the  fact  that  white  paint  has  a  higher 
emissivity  than  metals  in  the  infra-red. 
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The  tinpainted  sheets  of  altimintim  (A-I,  B-I)  were  then  given 
three  coats  of  zinc  oxide  paint.  When  thoroughly  dry,  the  sheets 
containing  the  zinc  oxide  paint  appeared  to  be  at  about  the  same 
( +o?i)  temperature  as  obtained  in  the  white  lead.  Another  coat 
of  paint  was  then  applied  (making  four  coats  in  all)  to  each  sheet. 
When  exposed  directly  to  solar  radiation,  the  temperature  excess 
of  the  zinc  oxide  paint  for  the  thin  sheets,  B,  was  ±o?i  and  for 
the  thick  sheets  it  was  about  +o?5.  From  this  it  appears  that,  in 
comparison  with  white  lead,  what  is  gained  in  higher  emissivity 
in  the  infra-red  in  the  zinc  oxide  paint  is  lost  by  its  higher  ab- 
sorption (lower  reflecting  power)  in  the  visible  spectrum,  so  that 
radiometrically  it  is  no  more  eflScient  than  white  lead. 

The  white  lead  paint  was  removed  from  the  sheets,  A-II,  B-II, 
which  were  then  painted  with  a  matte  layer  of  the  lampblack,  used 
in  the  experiments  already  described.  When  exposed  directly  to 
the  sun,  the  temperature  of  the  lampblack  sheet,  A-II,  was  about 
16*^  higher  than  the  zinc  oxide  paint,  A-I,  the  actual  temperatiu-e 
of  the  lampblack  being  about  52^2  for  solar  radiation  of  intensity, 
Q«i.i6.  Similarly,  the  temperatm^  of  the  lampblack  sheet, 
B-II,  was  i7?5  higher  than  the  zinc  oxide  plate,  B-I,  the  actual 
temperature  of  the  aluminum  sheet  covered  with  lampblack  paint 
being  about  53?3  C  and  the  room  temperature  (i.  e.,  in  the  shade) 
being  about  23?!  C.  The  infra-red  reflecting  at  8.8/4  differs  but 
little  for  these  two  substances;  hence  there  is  no  great  difference 
in  their  emissivities  for  low  temperatures.  In  the  visible  spec- 
trum the  absorptivity  of  the  zinc  oxide  is  only  about  30  per  cent, 
and  for  lampblack  it  is  97  per  cent.  Hence  the  lampblack  must 
become  the  hotter,  for  it  absorbs  energy  at  three  times  the  rate 
and  it  emits  energy  (low  temperature  radiation)  at  practically  the 
same  rate  as  does  the  zinc  oxide  paint. 

X.  SUMMARY. 

1.  This  paper  gives  an  account  of  an  investigation  of  the  re- 
flecting power  of  matte  stuiaces  of  various  substances  (also  of 
polished  surfaces  of  silver  and  alumintmi)  for  the  spectral  regions 
of  0.54,  0.60,  0.95,  4.4,  8.8,  and  24/A. 

2.  The  diffusely  reflected  radiations  were  collected  by  means  of 
a  hemispherical  mirror  and  projected  upon  a  surface  thermopile 
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of  bismuth  and  silver,  which  was  used  to  measure  the  intensity  of 
the  incident  and  the  reflected  radiations. 

3.  The  substances  examined  include  lampblack,  platintmi  black, 
pigments,  white  paints,  green  leaves,  dyed  cloth,  and  building 
material.  The  object  of  the  investigation  was  to  find  the  black- 
est and  the  whitest  substances — the  former  to  be  used  as  absorb- 
ing stufaces  of  radiometers,  the  latter  to  be  used  as  a  covering  for 
buildings  exposed  to  intense  sunlight. 

4.  Methods  are  given  for  preparing  standard  black  surfaces,  and 
quantitative  data  are  given  for  the  loss  by  reflection  of  the  same. 

Washington,  October  51,  1912. 

NOTE    L— VARIATION     OF    THE    SPECULAR   REFLECTING 
POWER  OF  SILVER  WITH  ANGLE  OF  INCIDENCE 

The  variation  of  the  specular  reflecting  power  of  polished  metals 
with  the  angle  of  incidence,  using  tmpolarized  light,  has  been 
investigated  by  various  observers.'*  The  measm^ments  were 
made  photometrically  and  also  radiometrically,  and  the  general 
conclusion  is  that  the  reflecting  power  passes  through  a  minimum, 
for  angles  of  incidence  between  60°  and  70°,  for  unpolarized  light. 
For  silver  no  conclusive  quantitative  data,  which  is  needed  in 
spectroradiometric  work,  was  available,  and  the  question  was 
therefore  investigated  anew. 

In  spectroradiometric  work  it  is  customary  to  have  the  coUimat- 
ing  arms  fixed  and  to  rotate  the  prism  table,  upon  which  is  mounted 
a  plane  reflecting  mirror  in  addition  to  the  prism.  This  combina- 
tion forms  the  Wadsworth  method  '*  for  maintaining  a  minimum 
deviation  for  all  the  rays.  The  angle  of  incidence  of  the  light 
upon  the  mirror  varies  as  the  prism  is  rotated,  and  the  problem 
was  to  determine  the  resultant  change  in  reflecting  power  of  the 
silver  mirror.  This  is  a  diflScult  problem,  for  the  variation  in 
reflecting  power  is  small,  and  it  is  necessary  to  keep  the  source  of 
energy  and  the  radiometer  sensitivity  constant  for  a  considerable 
time.  This  question  was  therefore  investigated  only  for  the  angles 
of  incidence  (about  54®  for  X=o.5896fi;  the  angle  between  the 
mirror  and  the  adjacent  prism  face  is  about  80®)  at  which  the  rays 

**  Provostaye  ud  Desuns:  (3),  M,  p.  176;  X850.    Jamin:  Ann.  Chim.  et  Phy«.  (3).  1*.  p.  396:  1846 
Knoblauch:  Ann.  der  Phys.  (3),  1.  p.  x;  1887. 
•  Wadsworth:  PhU.  Mag.  (5).  t8,  p.  ^i;  iSm- 
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must  fall  upon  the  mirror  in  order  to  pass  through  a  fluorite  prism 
at  minimum  deviation.  As  used  at  present  in  determining  spec- 
tral energy  curves  of  a  black  body,  this  involves  an  increase  of 
about  4^  in  the  angle  of  incidence  in  passing  from  \^o.5&g6fi  to 

For  determining  the  variation  in  reflecting  power  a  freshly  sil- 
vered plane  mirror  was  motmted  upon  the  prism  table  of  a  small, 
high-intensity  spectrometer  having  triple  achromatic  lenses  6  cm 
in  diameter  and  i8  cm  in  focal  length.  The  colltmating  and  the 
telescope  arms  were  attached  to  the  spectrometer  table  by  means 
of  an  automatic  slide-arm  arrangement,  such  as  is  commonly  used 
in  maintaining  a  prism  at  minimum  deviation.  The  energy  re- 
flected from  the  mirror  was  meastu^d  by  means  of  a  bismuth-silver 
thermopile  ^  of  20  junctions,  i  .4  mm  wide,  which  was  motmted  in 
place  of  the  eyepiece  of  the  movable  telescope.  The  collimating 
arm,  with  a  slit  i  .2  mm  wide,  was  fixed,  and  before  it  was  placed  a 
Nemst  glower.  Beween  the  glower  and  the  sUt  was  placed  a 
shutter  and  a  cell,  2  cm  in  thickness,  containing  a  3.5  per  cent 
solution  of  cupric  chloride,  which  absorbs  all  the  infra-red  beyond 
o.'jfA.^  This  Umited  the  radiations  to  be  measrn^  to  the  region 
of  the  visible  spectrum,  with  the  maximum  at  about  0.55/i. 

Owing  to  the  fact  that  the  spectrometer  was  not  adapted  to  a 
large  rotation  of  one  arm,  with  the  automatic  slide  arm  in  place 
for  maintaining  minimtun  deviation  (really  for  var3ring  the  angle 
of  incidence  upon  the  mirror  in  this  investigation),  the  variation 
in  reflecting  power  was  determined  for  an  angle  of  incidence  of 
54®  and  for  64*^.  This  required  a  rotation  of  20°  of  the  telescope 
arm,  and  although  the  whole  was  completely  inclosed  to  exclude 
stray  light  there  was  an  appreciable  shift  in  the  zero  reading  of 
the  galvanometer  in  passing  from  one  to  the  other  of  these  two 
positions.  This  of  course  does  not  interfere  with  the  observa- 
tions when  thermal  equilibrium  has  been  established  after  moving 
the  thermopile  to  the  new  position.  The  various  soiux^es  of  error 
were  of  coiu'se  tested  before  making  measurements.  The  most 
important  error  that  might  be  introduced  would  result  from  the 
automatic  slide-arm  arrangement,  which  might  not  always  cause 

^  This  Bulletiii,  t.  p.  7;  X9>3- 

*  This  BuUetin.  7,  p.  619;  1911;  and  p.  no,  19x2. 
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the  slit  image  to  fall  exactly  upon  the  thermopile  when  changing 
to  a  dififerent  angle  of  incidence.  By  experimentally  determin- 
ing the  axis  of  rotation  of  the  mirror  and  making  all  the  rotations 
in  the  same  direction  to  eliminate  backlash  this  error  was  elimi- 
nated. 

The  variation  in  reflecting  power  was  determined  by  noting  the 
galvanometer  deflections  when  the  angle  of  incidence  was  varied 
10®  (also  8°),  the  source  of  radiation  being  kept  constant.  In  all 
six  distinct  series  of  measurements  were  made.  With  an  increase 
of  10*^  in  the  angle  of  incidence  the  galvanometer  deflections  were 
decreased  by  amounts  varying  from  i.o  to  1.6  per  cent,  the  mean 
value  being  1.2  per  cent.  This  gives  a  decrease  of  0.12  per  cent 
per  degree  increase  in  the  angle  of  incidence  for  angles  of  inci- 
dence varying  from  54°  to  64*^.  From  this  it  is  evident  that  the 
correction  to  spectral  energy  curves  owing  to  the  difference  in 
reflecting  power  for  different  angles  of  incidence  is  negligibly 
small.  It  would  of  course  be  profitable  to  determine  this  varia- 
tion over  a  wider  range,  but  much  more  elaborate  appaiatus  would 
be  required. 

TABLE  I 

Reflecting  Power  of  Lampblack 


Wave  length  ;  nuui. 

0.54a 

0.60a 

0.95a 

0.95a 
(Red  glass) 

4.4a 

8.8a 

24.  A 

Silver 

93.2% 

89.9% 
68.5 

93.4% 

94.6% 

98.0% 
92.3 

98.0% 

98.5% 

Cerrecdm  faictw 

1.102 

1.143 

I.IOO 

1.066 

1.049 

1.049 

1.043 

Lampblack  paint 


2.94 3.24 

3.02 3.29 

3.58 3.60]^.    ^,      ^„ 

^  „  ^  ^^[Alcohol+sliellac 

3.72 4.86J 

V.  XVm .  • .  •  ■«).  vo> ..... .w.  tfO. .....  .J.  44. ....  .0.  75. ....  .4.  4 

0.97% 
.1.07 
.1.43 


Paraflto  candle 
(Cold  soot) 


Sosin 


1.26. 


.1.31 
0.85 1.07 2.8 
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TABLE  I— Continued 
Reflecting  Power  of  Lampblack — Continued 

Wav^lMicthainai.  0.54^        0.60^       0.95^       (RadSw*)        ^•*'' 

0.91  0.67... 

1.02  0.93... 

1.25 1.03 

1.07  0.7T 

1.01  1.36 

1.28 

1.34  1.38... 

1.30  0.95... 

1.36 1.15 

(PiOnt) 2.80 3.24 

AoetytoiM  0.59 

0.82  0.92... 

0.64  0.71... 

0.54 0.81 

0.42 0.71 

(Cold  dtpwH) 0.86 

(Ho  air) 1.33 


lKW.f 


8.8^ 


.1.44. 
.1.27. 

1.26 
1.23 
0.87 


.1.46 
.1.65. 


,1.12. 
,1.24 


24.11 


.3.9 

.4.1 


.5.7 


.3.0 


TABLE  II 
Reflecting  Power  of  Platinum  Black 


aoo^ 

0.95/1 

0.95ii 
(RodgiiM) 

4^<^ 

9.»^ 

*4^ 

CbtmlfallT  pfv^pttfitod  pobrt 

2.01% 

2.92 
2.43 

6.00 

2.50 
2.53 

5.76 

8.67 

12.1 

IbM.  find  wf^  -. 

2.77 
1.46 

2.70 
1.38 

2.84 

r    4.02 
i    3.94 

6.44 

8.2 

Bloctrolytic  No. — 

4 

1.22 
0.98 
1.16 

8.8 

2.64 

2.68 

13.2 
4.63 

5 

Ibid 

14;  1  mtn 

25  to  30 

11.3 
5.9 
3.66 
2.40 

13;  2  mill .  -  - . , , , 

9;  3  mill 

10:  3  mfn 

0.99 

1.72 
1.54 

7.5 

11;  4miii 

4.4 

CobUnti] 
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TABLE  II— Continued 
Reflecting  Power  of  Platinum  Black — Continued 


Wave  length  I  max. 

0.60/1 

0.06/1 

O.OSjt 
(RedflaM) 

4.4/1 

8.8/1 

2U 

Blectralytk  No. — 

IWd 

1.16 
1.12 
0.85 
1.01 

1.59 
1.50 
1.48 
1.51 
1.33 
1.35 

12:  Smtii 

1.84 
2.71 
2.23 
1.78 

3.9 

16;  5mbi 

15:  6  mln 

3.4 

18;  6  mill 

Ibid 

1.08 

19;  6  mln 

2.13 
1.27 

19  and  foot 

0.93 
0.99 
1.44 
1.29 
1.31 

4.1 

Ibid 

1.25 
0.98 

17:  7  mln . 

1.82 
1.88 

3.3 

20;  7  mln 

2.9 

Ibid. 

0.97 

TABLE  III 
Reflecting  Power  of  Grreen  Leaves 


Wave  IragOi  I  max 


Ckfver  ( TrifoUum  pnun$e). 
LOac  (SfTinga  vutgarU) 


Lecoat  (JSoMna  P$eudaeaeia) 


Tulip  tree  (Lirioiendron  tuUjrifera). 
(See  alao  Table  V) 


Lanrel  (Kalmia  latifoUa). 


(TWaAmerieafw). 

Etm  (  Ubiut  Armricana) 

0§lk^<luereui  rubra) 


MttUein  ( Vgrbatcum  tkaptus) . 


Remark! 


Bfay3 

June  8 

Tianamiiaien , 

Bfay3 

June  8 

TransmlaaioB , 

MfZ 

July  29 

Oct.  31 


Rear  side. 


Toong  leaf. 
Dark  green 


0.54k 


23.9% 
26.0 


28.1 
47.0 


060/1 


21.3% 

25.3 

23.6 

19.6 

25.4 

23.9 

20.7 

27.2 

22.0 

48.8 

23.2 

27.7 

26.9 

25.7 

29.3 

21.8 

24.2 


6966a  ® — 13 1 2 
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TABLE  IV 
Reflecting  Power  of  Pigments 


[VcLf 


Wm  lmi$fih  a  am. 


ColMtt«ild«,C«iOi. 


Ct»ef  «ild«,  CoO 

Ckranlniii  tild6»  CrkOi-- 

Lead  Mida,  PIK> 

Red  im  Mida,  F«sOt. . . . 

Tttrtem  Mid*.  TfOt 

LMd  dutoiito,  PbCrOf. 

Ahinihmin  wide,  AlgOi.. 

Tbtrinm  oida,  TbOs 

Zinc  «ild«,  ZaO 


ICflfiMsiosi  tsidOt  BCfO. 

CaJdom  Mida,  C«0 

Zifeoolmn  Mida,  ZiOi . . . 


Lead  ctrlMiiate,  PbCOs. 


Wiilta  papaf 

^Wblta  paper  (Band) 

Faldapar,  KAlSWOi 


IMd  (claavafe) 

BluBHiw  (landitena)  SiOt 

Qiuutx  (pewder,  French  flint)* 
SIC 


a54# 


24.1 


61.2 


82.2 


0  60# 


a95# 


3.02% 


27.0 
51.8 
26.3 
73. 8« 
70.2 

84.1 

86.0 

82.2 


41.0 


87.7 


86.4 


0.9S# 
(Red 
) 


53.6 


39.4 


86.7 


18.4 
81.0 


4.4^ 


13.9 

IS.  2 
32.9 
5a6 
29.9 
34.4 
41.2 

20.8 

46.9 

8.5 

16.0 
22.3 
23.2 

29.2 

10.8 
18.2 


38.2 


8.1 
41.5 


8.8# 


f  14.6 
I  11.8 


5.0 
25.6 
3.7 
11.1 
4.74 
2.34 
1.64 
7.11 
3.2 
2.1 
2.5 
3.6 
5.1 

8.3 

13.2 

4.1 
5.0 


iii:  I 


17.6 

r  7.9 

i  13.4 


24# 


1 ' 


4.4 
8.2 
9.5 
9.1 
10. 
7.4 

6.5 

10.0 

5.1 

9.1 
6.2 
5.4 

6.9 

8.8 


9.7 


11.0 
9.0 


CMmti\ 
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Wave  length  X  max. 

0.60/1 

0.95/1 

4.4^ 

8.^ 

Bilck: 

Light  ball 

48.4% 

40.0 

30.1 

23.4 

53.5 

40.8 

42.9 

16.9 

14.8 

7.2 

6.7 

17.5 

1.75 

(      13.9 

I      22.5 

17.0 

18.2 

21.9 

Darker 

Redbrick. 

12.4 

Darker  and  glazed. 

White  marble:  CaCOt;  gnmnd:  unpeliahed 

6.4 

5.1 

Ibd.;  cleavage 

20.3 

5.0 

Onmolith  (pavement) 

Aqihalt  (pavement) , 

IMd.:  free  from  dnat 

Slate  (dark  day) 

20.0 

Blue  flannel 

Black  vehfet 

3.66 

2.7 

21.2 
25.6 

Black  felt 

Deep  blue  doth  (IVavy  Dept.) 

T  jfttfAf'  thade . . 

Green  leaf  (ttsHp  tree) .  .  . . 

38.0 

5.6 

TABLE  VI 
Reflectii^  Power  of  Dyed  Cloth  and  White  Paints 


Wave  length  I  max 

0.60;i 

0.95/1 

Wave  length  I  max 

0.60;( 

0.95^ 

Linen;  starched,  dull  flniah... 

81.2% 

76.2 

74.3 

69.6 

68.1 

70.8 

43.8 

33.1 
33.5 

28.7 

Cotton  doth— Continued. 
Diamine  Aklehyde  Black 

Pattern  sheet  No.  193.. 
Solphnr  Black  AW  L- 
Pattem  sheet  No.  192.. 
Ibid.;  two  layers . 
Woolen  doth: 

Lanacyl  Blue  B  N— 
Pattern  sheet  No.  189. . 

29.5 

2.43 
2.37 

25.1 

14.6 

11.8 
13.2 

White  lead  Ne  103 

79.3 

White  lead  Ne.  102 

Zinc  lead  wliite  Ne.  107 

Zinc  oxide  Ne.  104 

72.1 

White  lead  50%1 

Ztoc  exlde  50%r ••  ^ 

Cotton  doth: 

Diamine  Faat  Red,  8  B  L— 
Pattern  iheet  No.  187. . 

2.57 

Diamfaie  Faat  Black  C  B— 
Pattern  sheet  No.  186. . 

Saladne  Bhie  Black  A  R- 
Pattern  sheet  No.  193.. 
Saladne  Black  P  B— 

17.8 

n>id.:  two  laiers . 

Colambia  Fast  Bhwk  R- 
Pattem  Bhoct  No.  185. . 

Pattern  sheet  No.  192.. 
IMd 
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INTRODUCTION 

The  demand  for  alcoholometric  density  tables  of  greater  pre- 
cision than  those  now  in  use  has  led  to  the  experimental  rede- 
termination at  the  Bureau  of  Standards  of  the  constants  upon 
which  such  tables  are  based. 

In  order  to  provide  the  basis  for  the  standardization  of  alco- 
holometers at  this  bureau,  the  work  of  preparing  such  tables  was 
tmdertaken  several  years  ago.  Examination  of  the  data  then 
available  showed  that  they  were  inadequate  for  the  preparation 
of  tables  of  the  desired  accuracy. 

The  scope  of  the  present  work  includes  the  preparation  of  pure 
anhydrous  ethyl  alcohol,  the  determination  of  the  density  and 
thermal  expansion  of  this  alcohol  and  its  mixtures  with  water, 
and  the  construction  from  these  data  of  tables  for  convenient  use. 

The  results  of  the  density  determinations  by  the  authors  are 
expressed  in  terms  of  the  density  of  water  at  4^  C  as  the  tmit. 
The  word  **  density  "  is  employed  throughout  the  paper  in  a  general 
way  as  the  name  of  the  property  of  the  substance;  but  where 
numerical  values  are  given,  whether  those  determined  by  the 
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authors  or  quoted  from  other  observers,  the  unit  employed  is 
either  expressed  in  words  or  indicated  by  symbols. 
The  symbol  D^^  indicates  the  density  of  a  substance  at   the 

temperature  t  in  terms  of  the  density  of  water  imder  normal 
atmospheric  presstu^  at  the  temperature  T  as  the  tmit.  The 
density  expressed  thus  is  equivalent  to  the  ratio  «  of  the  density 
of  the  substance  at  i^  to  the  density  of  water  at  T®,  and  in  the 
case  where  T  equals  4®  C  the  density  is  equivalent  to  density 
expressed  in  grams  per  millimeter.  If  not  otherwise  indicated, 
temperatures  are  on  the  centigrade  scale,  and  for  the  experi- 
mental work  presented  here  the  International  Hydrogen  Scale  of 
temperatures  is  used. 


•This  ratio  is  olten  called  *'  specific  gravity. 


»i 


PART  1 

PREPARATION  OF  PURE  ANHYDROUS  ETHYL  ALCX)HOL 

ByECMcKeIvy 

The  success  of  an  attempt  to  prepare  a  pure  material  of  any 
kind  depends  largely  on  its  physical  state  at  ordinary  tempera- 
tures and  on  the  limitations  set  by  the  nature  of  the  phjrsical 
properties,  which  may  be  determined  in  order  to  detect  the  im- 
purities present.  Generally  speaking,  chemical  methods  for 
detecting  very  small  quantities  of  one  substance  in  large  quanti- 
ties of  another  are  rather  poorly  developed  and  unsatisfactory, 
especially  in  the  field  of  organic  substances.  The  present  work 
presented  the  problem  of  preparing  a  ptu^  liquid,  ethyl  alcohol, 
with  many  favorable  conditions  under  which  to  work.  The  im- 
purities contained  in  the  product  on  the  market  are  compara- 
tively few,  and  there  is  no  great  difficulty  in  getting  large  quan- 
tities of  the  liquid  containing  99.5  per  cent  ethyl  alcohol.  The 
problem  resolved  itself  into  a  removal  of  the  half  per  cent  of 
impurity,  mostly  water,  and  the  study  of  the  variation  of  the 
physical  properties  of  alcohol  with  small  amounts  of  various 
impurities.  The  purification  can  be  carried  out  by  distillation 
at  temperatures  easily  attainable,  and  the  permissibility  of  work- 
ing with  large  quantities  of  the  liquid  is  a  distinct  advantage, 
especially  in  the  preliminary  purification.  A  considerable  num- 
ber of  physical  properties  are  applicable  to  the  testing  of  the 
product,  with,  however,  a  large  variation  in  their  sensitiveness. 
It  is  evident  that  our  knowledge  of  the  purity  of  any  mate- 
rial is  subject  to  the  limits  set  by  the  method  of  testing,  what- 
ever may  be  the  efficiency  of  the  method  of  purification. 

L  HISTORICAL  SURVET 

It  was  early  appreciated  that  the  most  convenient  basis  upon 
which  alcoholic  liquors  could  be  taxed  was  their  alcohol  content. 
The  accurate  determination  of  this  value  has  occupied  the  atten- 
tion of  investigators  for  over  a  century,  and  several  independent 
330 
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methods  have  been  devised.  A  study  of  the  literature  on  the 
subject  will  show  that  a  number  of  physical  constants  have  been 
proposed  for  this  use.  By  far  the  larger  bulk  of  the  work,  how- 
ever, has  had  to  do  with  the  determination  of  the  densities  of 
alcohol-water  mixtures,  since  a  density  determination  gives  an 
easy  and  acctu-ate  method  of  determining  the  alcoholic  content  of 
a  liquor. 

To  utilize  this  method  practically,  it  is  of  course  necessary  first 
to  construct  a  table  from  density  determinations  on  mixtures  of 
known  composition.  In  order  that  this  may  be  done,  it  is  essen- 
tial that  ptu-e  alcohol  should  be  obtained.  The  efforts  at  the 
preparation  of  such  an  alcohol  have  been  parallel  with  the  devel- 
opment in  the  accuracy  of  alcoholometric  tables.  It  is  purposed 
to  give  a  short  historical  survey  of  the  main  attempts  to  accom- 
plish this  result. 

1.  WORK  BBFORB  1S65— COMPARISON  OF  RESULTS. 

It  can  be  said  concerning  most  of  the  results  recorded  before 
1865,  and  of  many  since,  that  they  are  of  limited  accuracy,  and 
hence  of  interest  mainly  from  a  historical  point  of  view,  notwith- 
standing that  a  part  of  this  work  forms  the  basis  of  the  tables  in 
current  use.  The  main  cause  of  this  status  is  that  the  actual 
density  determinations  are  generally  given  only  to  the  fotuth 
decimal  place,  and  as  a  rule  the  results  are  poorly  defined  as  to 
temperattu-e  conditions  and  bases  of  temperattire  and  density 
references.  A  considerable  part  of  this  work  has  been  briefly 
sketched  in  the  papers  of  Mendel^eff  *»  **^  ^  and  Gerlach  ^.  Blag- 
den  and  Gilpin  *»  *  were  among  the  first  investigators  to  construct 
tables  from  actual  density  determinations.  Their  work  was  in- 
complete in  that  no  success  attended  their  efforts  to  obtain 
anhydrous  alcohol,  and  so  their  results  had  only  an  arbitrary 
significance  tmtil  the  real  alcohol  value  of  their  basis  could  be 
determined  by  later  observers.  The  early  attempts  of  Lowitz  *• 
and  Richter  •»  "  to  dehydrate  alcohol,  and  the  work  of  Tralles  *• 
have  been  thoroughly  discussed  by  Windisch***.  Table  I  will 
show  the  surprising  agreement  shown  in  the  results  of  some  of 

k  Reference  numben^Minted  in  •upeiVM'  figures  throaghout  this  paper  refer  to  *'  Bibiiogmphy,"  port  5, 
Id  which  each  title  bears  a  specific  reference  number. 
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the  experimenters  working  before  1865.  McCulloch  *^»  "•  in  a 
report  to  the  Secretary  of  the  Treasury  of  the  United  States 
reviews  the  work  done  up  to  that  time,  and  on  the  basis  of  a  few 
experiments  and  recalculations  of  his  own  recommends  the  alco- 
holometric  tables  for  oJQBdal  use  by  the  Treasury  Department. 

TABLE  I 
Density  Detemiinations  of  Absolute  Alcohol  Prior  to  1866 


NaoM 

Taar 

Dthfdcalw 

Danattjr 
vahia 

jBartiil 

fatecanca 

t 

DanaMy 

lacakv- 
latad 

Ramadca 

1 

1 

Blagdao  and  OllylB  «>  • 

Lawlti^* 

1790 

tp 

1794 

1796 
1797 
1807 
1815 
1816 
1823 
1825 
1827 
1828 
1829 
1835 
1845 
1845 
1847 
1847 

Nana 

XiCOi 

CaCIt 

CaCIt 

CaO 

CaCIt 

a82S 
.791 
.792 
.792 
.7940 
.791 
.79370 
.79364 
.7915 
.8062 
.791 
.7938 
.80950 
.81508 
.7938 
.7948 

60V 
60-^ 

"c 

16-^ 
20-p 

16*^ 

4*^ 

20*^ 

18V 

/Na       dahidratl^ 
\   tfot 

M. 

0.7899 
.7909 
.7909 
.7898 
.7899 
.79361 
.79348 
.7899 
.7895 

RIcMtr*.  ".. .   .       ,     ,   ,. 

M. 

Oainiiiri " 

M. 

Oajr«Lttiaac> 

M. 

Httomtr*' 

M. 

yWI—fjm—  M 

M. 

OwiTtraaln  ^ 

M. 

Dumas  and  BaoUajr « 

ICtmdM  and  Omalin  ^»  M. . 

CaCU 

A. 
IC 

Brtim  • 

Ctonfl]** 

CaO 

60V 

^C 

4-^ 

60V 

eo** 

.7896 

.79277 

.79777 

.78959 

.7905 

A.    Afffvina    i*~ 

XappM 

60*  F 
M. 

PlantM 

CaO 

CaO 

CaO 

IC.  Piana'a  anan- 

rawnaa** 

aiMi     caaflloant 
naad 

IC 

Wacfetnrodtr  ** 

A. 

UcKOoyl 
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TABLE  I— Continaed 


IMnkwttef  ^. 


WtllieflUM. 


PIttckttUi. 


Ddflhui. 


PoofflatiM 


BsomlunMf  *^. 


ICendelfeflin. 


OtadataM-Dal*  >«. 


Lcndott"*. 


M«iidelMI>«  M, 


Tmt 


1848 


1848 


1854 


18S4 


1859 


1860 


1861 


1863 


1864 


1865 


Dthydntor 


c«o. 


CaO. 


CaO. 


CaO-Na.. 


CaO-BaO. 


▼aloe 

i4 


a  793811 
.8194 
.792 
.809 
.7947 
.7939 
.7958 
.7972 
.8011 
.78945 


Bariail 

lotefmco 

t 


P 
C 


60* 
60 

19* 
13975. 

yC 

15* 
15 

15«» 
4 

15* 
20« 

20V 


X 

C 
C 


Dentltf 
20* 

"4' 

fBcaka- 

latad 


a  78958 
.8073 
.787 
.796 
.7898 
.7897 
.7916 
.7929 
.7997 
.78945 


A. 
Bl 

A. 
A. 


Unoocnctod 


Explanation. — In  the  coltunn  headed  "  Remarks ''  M  indicates 
that  the  densities  at  20®  were  calculated  by  MendeldeflF.  A  indi- 
cates that  this  was  done  by  the  authors  of  this  paper.  Both 
calculations  were  made,  except  where  otherwise  stated,  with 
Kopp's  •^»  ^  value  for  the  expansion  in  the  following  formula: 

Z?^  =  D^  +  (20^  -  t^)o.ooo846 

where  0.000846  is  the  change  in  density  for  i®  C.  X®  signifies 
that  the  basis  of  density  reference  was  not  given  and  is  asstuned 
to  be  4®  in  the  recalculation.  It  is  impossible  to  correct  any  of 
these  values,  except  Mendel^eff's  '^'  '"  later  one,  to  the  inter- 
national hydrogen  scale  of  temperature. 
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2.  WORK  OF  MBNDBLfiBFF  (IMS) 

In  1865  Mendeldeff's '^^  memoir  on  alcohol  appeared  in  the 
original  Russian  and  also  in  German.  His  experimental  work  is 
characterized  bv  careful  attention  to  details  and  skillful  execu- 
tion.  The  ethyl  alcohol  prepared  by  him  was  probably  the  piurest 
prepared  up  to  that  time.  His  density  values  have  been  gener- 
ally regarded  with  great  confidence.  Many  of  the  generally 
accepted  tables  used  ia  scientific  work  have  as  their  basis  Mende- 
lde£f's  value,  with  the  explication  of  certain  well-defined  correc- 
tions. Such  are  the  tables  prepared  by  Windisch,**  using  the 
value  approved  by  the  Normal-Eichungs  Commission,  Berlin ;  the 
tables  given  by  E.  W.  Morley,****  using  a  value  recalculated  by 
himself;  and  the  tables  issued  provisionally  by  the  Bureau  of 
Standards  "*•  in  1909. 

In  Mendeldeff's  work  the  first  attempt  was  made  to  determine 
the  relative  efficiency  of  different  dehydrating  agents.  From  the 
results  of  previous  investigators,  as  well  as  experiments  of  his 
own,  he  decided  that  such  agents  as  anhydrotis  potassitun  carbo- 
nate, calcium  chloride,  and  copper  sulphate  were  unsatisfactory. 
Metallic  soditun  as  such  or  in  the  form  of  an  amalgam  he  fotmd 
inefficient,  an  observation  later  substantiated  by  Squibb^  and 
by  Crismer.*^"  He  concluded  that  lime,  with  the  addition  c9  a 
smaller  quantity  of  baryta,  was  the  most  satisfactory  means  for 
dehydrating  the  alcohol.  This  addition  of  baryta  had  been  rec- 
ommended by  Berthelot,"*  with  the  statement  that  the  turning 
brown  of  the  alcohol  was  an  indication  of  complete  dehydration, 
but  it  was  later  shown  by  Crismer  *^  that  the  baryta  is  unneces- 
sary and  undesirable. 

In  Table  II  are  given  the  lowest  density  values  foimd  by  Men- 
del6eff  in  his  work  with  different  dehydrating  agents,  certain  of 
which  are  still  in  use.  These  results,  if  more  generally  known  1 
would  leave  no  doubt  in  the  minds  of  chemists  as  to  the  agents 
which  should  be  used  if  an  alcohol  as  anhydrous  as  possible  is 
desired.  Table  III  contains  the  results  of  one  of  Mendd^eff 's  and 
one  of  Squibb's  later  distillations,  showing  the  variation  in  the 
density  of  the  different  fractions.  Unfortunately  the  volumes  of 
the  different  fractions  are  not  given. 
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Densities  with  Various  Dehydrating  Agents  (Mendeleeff  ^^^) 


Dtlijdnlor  used 

Remaps 

K3CO, 

CaCL 

CttSOf 

Na-Hg 

BaO 

CaO+BaO 

0.78970 
.78960 
.78961 
.78974 
.789453 
.78945 

All  distillations  were  made  witfi  tfie  dehydrating 
agent  present  in  the  alcohoL    No  correctkms 
have  been  applied  to  tfie  results. 

• 

TABLE  m 
Variations  in  Density  of  Distillate  Fractions 

[Dehydi&ting  agents:  Mendeleeff,  CaO+BaO;  Squibb,  CaC] 


fnctlni 

Mendeltefl  *»*  >« 

B.  R.  Squibb  *^ 

Remarks 

1 
2 

3 
4 
5 
6 
7 

0.78963 
.78946 
.789442 
.789456 
.789442 
.789472 

0.793960 
.793811 
.793639 
.793582 
.793576 
.793561 
.793499 

These  results  are  taken  directly  firom 
the  orighuil  articles  without  correc- 
tion.   The  yolume  figures  for  the 
fractions  are  not  availaole. 

• 

3.  WORK  SUBSEQUENT  TO  1865 

In  Table  IV  are  presented  the  results  of  most  importance 
which  have  appeared  since  1865.  Table  V  shows  the  values 
obtained  by  other  investigators  during  this  period  in  cases  where 
generally  the  density  value  was  of  secondary  importance  to  the 
determination  of  other  physical  constants.  In  most  of  these 
cases  no  details  of  the  density  determinations  are  given. 


336 


BmUetin  of  the  Bureau  of  Standards 


rv#i.# 


TABLE  IV 

Etfayl  Akohcd  Density  Dftrrminatioos  of  Most  Importmce  Subsequent 

to  1864 


'  •  •  • 


Cook  — *^  Hoinos 


I 


196S      CoO+BoO la793S8 


iSS4      CoO. 
1393      CoO. 


WinUorxv. 


1904 


Eloowi  oiMl  Hodin"^ 


Do. 


Koilon"^. 


Androws 


Il«7 


DoffoohoTsUi  >>". 


Acfoo  ond  Robofl- 
DoffoohoTsUi  "«. . . . 


WSbn^^. 


Waiifi  wi 


Buxoau  Sttndords"^ 


1907 


190S 


190S 


1910 


1910 


1910 


1911 


1910 


1901  I  CoC, 


1902  .  Dili  w.  homio. 


CaO. 


1905   Ca 


1906  :  Ca. 


Ca. 


CaO. 


CaO,  Ca,  M^Hg. 


CaO. 


CaO. 


CaO. 


.79350 

.79350 

.79357 

.80627 

.78746 

.78932 

.79413 

.78938 

.78520 

.78510 

.79426 

.78506 

.79412 

.795027 

.78513 

.78506 


15* 
■^P 

15?6 
15?6 

15?6 
15?6 

4* 

0« 
4* 

25* 
25« 

20?07 

15^ 
15** 

20* 

"4* 

25*» 

25** 

"4^ 

15** 

is' 

25** 


15** 
15^ 

14?2 
14?2 

25** 
"4^ 

?5! 

4** 


0.78504 
.78470 
.78476 
.78503 
.78507 
.78516 
.78510 
.78490 
.78508 
.78520 
.78510 
.78503 
.78506 

.78521 
.78513 
.78506 
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Explanation. — ^Table  IV  represents  an  attempt  to  put  the 
most  important  results  for  the  density  of  anhydrous  alcohol  on  a 
comparable  basis.  All  reductions  were  made  with  the  use  of  the 
formula  obtained  in  Part  II, 

D'^^D'-f -[859  (^-25) +0.6  (^-25)^+0.005  (^-25)Txio-* 

and  Chappuis's  ""  values  for  the  density  of  water.  The  value 
given  in  Mendel6eflf's  original  paper  has  been  corrected  to  a  more 
probable  value  for  the  density  of  water  than  that  assumed  by 
him  and  to  the  international  hydrogen  temperatiure  scale . 


TABLE  V 


Density  Determinations  of   Secondary  Importance  Subsequent  to  1865 


Name 


TJTitKwntiti  ^1 , 


Wminer^M. 


Darling  225. 


Dttpr^  and  Page  237, 


Do. 


Do. 


?aQ  der  Wmigen  2<V 


Pierre  and  Puchot  ^. 


£rlenmeyer2M, 


Piefre2« 


Winkelmann  ^. 


1868 


1868 


1868 


1869 


1869 


1869 


1869 


1871 


1871 


1873 


1873 


Debydntor 


KjCO,. 


Density 
vehie 


0.8086 


.8133 


.8095 


.79792 


.  79317 


.78932 


.7935 


.822 


79481 


.80214 


7946 


Berie  ef 

xeference 

t 


190 
190 

2! 
?! 

10^ 

x*» 

15?5 


20° 

x° 

20^ 
20^ 

li! 

x*» 
15° 


16?03 


DeoMllj 

at2S*> 

(calculated) 

•^25 


0.8022 


.7920 


.7926 


78516 


78509 


.78507 


.7892 


.818 


.78291 


79460 


.78695 
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{Val.9 


Dttclam '". 


Ktmdt 


BrOhl 


Tmv 


DeHeen 


MT 


YincuLt  and  Delachanftl  *^, 


Zottonmim 


M3 


Bedson  and  Williams  ***. 


Dncku^. 


Johst 


406 


Naaini*«». 


Quincke «". 


Sieben  '>V 


Perkin 


431 


KanonnikofF  ^'. 


^nnkehnann.  ^       (Kahl- 
baum'a  alcohol.) 


1877 


1878 


1880 


1880 


1880 


1880 


1880 


1881 


1883 


1883 


1883 


1883 


1883 


1884 


1885 


1885 


BaO. 


CUSO4. 


0.7947 


800 


8000 


7995 


7909 


8120 


799 


8019 


78962 


8072 


7968 


7969 


796 


78820 


.7918 


7906 


t 


( 


at  2S* 


15<* 

"4^ 

1?! 

4*» 

14^ 

~? 

20*^ 


? 


17?S 

x^ 

20^ 

4* 

2S?42 

x^ 

16?7 

4^ 

20^ 
4^ 

20^ 
4^ 

20* 

"4^ 

250 
25^ 

20* 
"4^ 

^o 

4* 


.2S 


0.7860 


794 


.7957 


.7901 


7866 


7908 


793 


7976 


78998 


8000 


.7925 


7926 


.792 


78589 


7875 


7863 
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Nflma 


PagUaniandBateUi^. 


Worthington  ♦^^^ 


Ketteler^^ 


Do. 


Angstrom.*"    (Air free).. 
Angstrom.  (Air  saturated) 


Hartwig*»7. 


Le  Blanc  «<» 


Barbier  and  Rom 


Buchkremer  *^V 


578 


Gartenmeister  "*. 


Kcnten 


688 


Jahn 


600 


SchaU  and  Koss'ky  «» 


Landolt  and  Jahn  ^. 


Year 


Eykmann^^^ 

77398**— 13 « 


1885 


1885 


1888 


1888 


1888 


1888 


1888 


1889 


1890 


1890 


1890 


1890 


1891 


1891 


1892 


1893 


Dehydntor 


Density 
value 

l4 


0. 79175 


.7906 


.78987 


80681 


.80715 


.80680 


.7937 


.79643 


.805 


.7935 


.7943 


.7910 


.79149 


.  791861 


.80197 


.7963 


Baste  of 

reference 

t 


18^ 

x° 

25?3 
25« 

20^ 

x« 

?! 

x^ 

?! 

4° 

?! 

4° 

18° 

4° 

20° 

11! 

x° 

20° 

4° 

20^ 

4° 

20° 

4° 

20° 
20° 

18° 

4° 

17?5 


12?7 

"4^ 


Deudtf 

at  25* 

(calculated) 


0.78580 


7885 


78562 


78560 


.78595 


.78559 


.7877 


79076 


.796 


.7892 


.7900 


7868 


78585 


fOdoO^ 


.79557 


7856 
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[VcLo 


Edwards 


Tammann  and  Hinch'g 


9m    717 


Uhfeldt'^V 


SolMt 


•It 


Do. 


Zafchlnl 


Cohen  •»'. 


Tanatar  and  KHmonko  ^, . . 

Loomia  (Sfuibb).*^  (Deter- 
mined by  B.  K.  S^nibb.) 

Carrara  and  Le?i  *** 


Gmnmach***. 


Szilard 


108S 


Chenereau  "''. 


Timmermanns  "^. 


Watfner   and    Sdnslze.  >'** 
(Alcohol  from  ^HnUer.) 

Getman"« 


1804 


1804 


1895 


1897 


1897 


1897 


1896 


1896 


1900 


1902 


1902 


1905 


1907 


1907 


1907 


1908 


CaO-BaO 


CaO. 


CaO. 


CaO. 


Ca. 


vahM 
t 


0.7964 


7951 


7929 


7711 


80513 


8063 


79565 


79386 


79425 


7888 


78990 


7886 


80664 


-.793405 


78684 


BMitof 


t 

T 


20^ 
15?5 

15f 

4** 

18^ 

"4^ 

0?9 

4* 

44?7 


1?8 

"4^ 


? 


15<* 

"x' 

15?6 
15?6 

16« 

"4^ 

22?8 
"4^ 

20® 

22« 

"4^ 

0® 

4^ 

15«» 
"4^ 

25f 

4*» 


•125'' 

rcaioilatMl) 

**,25 

Df 


0.7914 


7866 


7869 


7885 


.7879 


78546 


.7851 


.78711 


78506 


.78741 


.7862 


78565 


7860 


.78544 


78486 


78684 
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Nflmo 


Herz  and  Kuhn  1*^. 


Richards  and  Mafhews.*^*^ 
(95  per  cent  probably.) 

Rilhiemann »«» 


Turner  "w. 


Holmes  and  Sageman  ^^, 


Dawson  *^. 


Polowzow  »^. 


Smits  and  de  Leeuw  ^^. 


Thole  ^. 


Warren »«». 


Cederberg  ^^. 


1906 


1906 


1906 


1906 


1909 


1910 


1910 


1910 


1910 


1910 


1911 


Dehydrator 


CaO. 


Ca. 


CaO. 


Doosily 

valoo 

t4 

Basis  of 
nforence 

t 

t 

• 

0. 7867 

25° 

4° 

.8040 

20° 

4° 

.7927 

20° 

4° 

.78948 

20° 

4° 

.78892 

25° 
25° 

.791502 

18° 

4° 

.78970 

20° 

4° 

.7907 

18° 
4° 

.7876 

25° 
4° 

.7940 

15° 
15° 

.7907 

19°5 
x° 

atZS* 
(calculated) 


0.7867 


.7997 


7884 


.78520 


.78661 


~o     .78552 


.78542 


-To     .7847 


=To     .7876 


.7848 


.7860 


The  density  value  obtained  by  Messrs.  Squibb  *^  is  the  lowest 
ever  obtained.  These  investigators  used  freshly  ignited  lime  as 
dehydrating  agent.  The  treatment  occupied  several  weeks  and 
was  made  by  percolation  at  ordinary  temperatures.  This  work 
repeated  by  E.  R.  Squibb  •^^  10  years  later  showed  results  only 
slightly  higher.  These  authors  concluded  that  they  had  not 
even  then  obtained  anhydrous  alcohol.  The  variation  in  density 
of  their  alcohol  from  that  of  Mendel^flf  would  represent  an  im- 
purity of  0.03  per  cent  water  in  Mendel^eflf's  alcohol,  assuming 
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his  higher  value  to  be  due  to  the  presence  of  water.  In  the  light 
of  data  to  be  presented  later,  it  seems  that  these  results  can  be 
explained  on  no  other  grounds  than  that  in  some  way  not  known 
their  standards  of  reference  differed  from  those  of  other  observers. 
In  additi<yi,  there  is  some  doubt  concerning  the  precision  of  their 
temperatitfe  measitfements.  Cook  and  Haines*^  n^lected  to 
give  their  basis  of  density  reference.  On  the  assumption  that 
this  is  water  at  its  maximum  density  it  is  found  to  differ  only 
slightly  from  the  more  reliable  results.  This  is  the  only  quanti- 
tative result  obtained,  so  far  as  known,  by  the  use  of  calcitun 
carbide  as  dehydrating  agent.  Young,**  without  the  use  of 
chemical  agents  in  the  ordinary  sense,  obtained  results  in  good 
accord  with  those  of  Mendel^eff.  This  was  accomplished  by  dis- 
tilling with  benzene  and  with  hexane.  Crismer  *••*  has  shown  the 
inefficiency  of  soditmi  and  baryta  as  dehydrating  agents  and 
obtained  his  best  alcohol  by  means  of  dehydration  with  lime. 
He  also  introduced  the  use  of  the  critical  solution  temperature 
of  alcohol-kerosene  mixtures  as  a  criterion  of  the  water  content 
of  the  alcohol.  He  concluded  that  its  sensibility  was  of  the  same 
order  as  density  determinations  acctu-ate  to  the  fifth  decimal 
place.  Vandam  *"•  in  Holland  and  Andrews  "•^  in  this  country 
have  also  made  use  of  this  criterion.  The  use  of  this  constant 
promises  to  be  of  considerable  importance  both  from  the  stand- 
point of  convenience  and  range  of  applicability  in  determining 
the  composition  of  water-alcohol  mixtures. 

Winkler  *•*'  obtained  an  alcohol  of  low  density,  using  calcium 
to  remove  the  water.  Klason  and  Norlin,"®*  using  the  same 
agent  after  piuifying  by  recrystallization  of  potassitun  ethyl 
sulphate  according  to  recalculation  in  Table  IV,  get  one  result 
considerably  lower  than  that  of  Winkler,*^  or  even  the  recalcu- 
lated result  of  Mendel^eff.*^^  However,  the  authors  state  that 
their  results  confirm  the  Windisch  •"  basis,  which  is  recalculated 
from  the  results  of  Mendel^eff,  and  also  confirm  the  result  of 
Winkler  ^*'  as  opposed  to  that  of  Mendel^eff.  These  statements 
can  be  reconciled  with  each  other  and  with  the  results  gotten  by 
recalculation,  using  the  thermal  expansion  formula  obtained  in 
part  2,  only  by  the  consideration  that  the  authors  did  not  con- 
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sider  0.05  per  cent  water,  corresponding  to  16  units  in  the  fifth 
decimal  place,  as  significant.  The  concordance  between  Men- 
del^eff's  corrected  value  and  Winkler's  value  is  much  better 
than  between  the  latter  and  the  result  of  Klason  and  Norlin. 
The   result   given    under    density   2^  calculated  to  25®   leaves 

nothing  to  be  desired  when  compared  with  the  results  of  most 
other  investigators.  There  is  some  possibility  of  a  misprint  in 
the  value  at  i^ .     Kailan  "**»  *•**  determined  the  conditions  under 

which  lime  could  be  most  effectively  used  as  dehydrating  agent, 
and  later  tried  metallic  calcitun  for  removing  the  last  traces  of 
water.  Andrews  "•^  tested  the  relative  eflfectiveness  of  lime, 
metallic  calcitmi,  and  magnesitun  amalgam  as  dehydrators  and 
obtained  alcohols  with  each  that  differed  only  slightly  among 
themselves  and  were  only  shghtly  higher  in  density  than  Men- 
del^eff's  *®'  generally  accepted  value.  He  used  in  addition  to  the 
density  determinations  the  critical  solution  temperatitfe  and  refrac- 
tive index  as  criteria  of  complete  dehydration.  Extensive  work 
has  been  done  recently  in  Russia  by  Doroshevskii  "^*»  **••  and 
collaborators  on  the  physical  constants  of  anhydrous  alcohol  and 
its  mixtures  with  water.  The  density  value  shown  in  the  table 
was  gotten  by  dehydrating  with  Ume.  Among  the  physical  con- 
stants considered  were  specific  heat,  refractive  index,  electrical 
conductivity,  vapor  pressure,  and  boiling  points.  Other  alcohols 
were  also  studied.  The  difference  in  the  two  density  values 
given  for  anhydrous  ethyl  alcohol  by  this  investigator  at  different 
times  represents  0.04  per  cent  water. 

The  determination  of  the  influence  of  small  quantities  of  water 
in  ethyl  alcohol  upon  the  velocity  of  esterification  by  H.  Gold- 
schmidt  and  E.  Sunde,"*^*  and  upon  the  velocity  of  other  reactions 
by  G.  Bredig  and  W.  Fraenkel,^^,  ^^  gives  some  promise  of  being 
of  value  in  estimating  the  small  quantities  of  water.  J.  Gjrr  "•• 
has  used  this  influence  as  a  criterion  in  the  dehydration  of  methyl 
alcohol.  Millar  ^^  and  Braxme  "*•  regard  this  method  as  the  best 
for  detecting  traces  of  water  in  alcohol.  In  the  case  of  methyl 
alcohol  and  the  esterification  of  phenyl  acetic  acid,  assuming  the 
same  accuracy  of  temperatitfe  control,  the  greater  accuracy  of 


344  Bulletin  of  the  Bureau  of  Standards  wu.p 

the  density  determination  seems  to  just  about  counterbalance  the 
great  change  in  esterification  constant  for  the  same  percentage  of 
water  content.  However,  the  quantitative  results  are  as  yet  too 
meager  to  allow  of  a  certain  conclusion  in  regard  to  the  use  of 
this  constant.  Kailan  ^*^^  in  a  recent  work  shows  the  superiority 
of  the  density  method  in  one  special  case.  Acree  ""  and  students, 
in  velocity  of  reaction  studies,  have  used  an  alcohol  showing  the 
same  density  as  that  obtained  at  this  bureau.  The  effect  of  small 
quantities  of  water  was  small  in  alkaline  solution  but  very  marked 
in  acid  solution. 

IL  EXPERIMENTAL  PART 

1.  OUTLINB  OF  WORK 

This  part  of  the  work  has  to  do  with  the  preparation  of  chemi- 
cally pure  ethyl  alcohol.  Experimentally  it  was  proposed:  First, 
to  obtain,  if  possible,  using  different  methods  of  purification  and 
dehydration,  an  alcohol  showing  constant  physical  properties, 
even  though  from  different  commercial  soiu-ces;  second,  to  use 
density  determinations  as  the  main  criterion  of  the  degree  of 
dehydration  and  purity  with  the  auxiliary  use,  in  some  cases,  of 
the  critical  solution  temperature  of  its  mixtures  with  kerosene 
and  of  such  chemical  tests  as  can  be  applied;  third,  to  obtain,  if 
possible,  an  alcohol  which  on  further  treatment  with  dehydrating 
agents  would  show  no  decrease  in  density  and  no  variation  in  the 
density  of  the  various  distillates  from  the  beginning  to  the  end  of 
a  distillation;  fourth,  to  investigate  the  possible  effect  on  the 
density  of  the  impurities  likely  to  occm*.  Aside  from  considera- 
tions having  to  do  with  alcoholometry,  it  was  hoped  that  the 
additional  information  gained  regarding  the  most  efficient  method 
for  preparing  piu-e  alcohol,  which  as  a  solvent  ranks  next  to  water 
in  importance,  would  be  of  some  importance  and  value. 

Full  details  of  the  density  determinations  are  given  on  page  405 
and  following. 

2.  DBTBRMINATION  OF  THE  CRITICAL  SOLUTION  TEMPERATURE 

Alexejew,*^  Rothmund,"*  and  Timmermans""  have  worked 
extensively  with  the  mutual  solubility  relations  of  two  liquids. 
Consider  curve  III,  Fig.  i,  which  represents  the  solubility  relations 
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between  two  components,  A  and  B,  partially  miscible  in  the  liquid 
state,  dissolving  in  each  other  with  an  absorption  of  heat  and 
the  final  disappearance  of  one  of  the  liquid  phases.     The  left- 
hand  branch  of  the  curve  represents  the  solubUity  of  A  in  B  and 
the  right-hand  branch  that  of  B  in  A.     For  constant  temperature, 
below  the  maximum  point  of  the  curve,  there  are  two  liquid 
layers.     At  the  maxi- 
mum  point   the  two 
layers  become  identi- 
cal   in    Composition. 
This   temperature  is 
called  the  critical  solu- 
tion temperature,  and 
the    concentration    at 
this  point  is  the  critical 
concentration.       The 
point  X  represents     a 
divariant  system.     At 
the  critical  concentra- 
tion and  constant  pres- 
sure the  temperature  is     « 
fixed,  depending  only     I 
on  the  nature  of  the     S 
components.     This    S 
critical    solution  tem- 
perature is  changed  by 
the  addition  of  a  third 
component    C,    being 
fixed  for  fixed  concen- 
tration    of     C.     This 
change  in  the  critical 
solution  temperature  by  the  addition  of  C  has  been  applied  with 
considerable  success  to  the  determination  of  the  purity  ^d  com- 
position of  organic  substances  by  Crismer,"»»  Timmermans,'"* 
Andrews,""  and  others. 

Crismer  "^  found  that  the  critical  solution  temperature  of  a 
binary  mixture  of  ethyl  alcohol  and  kerosene  (considering  a  given 
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kerosene  as  a  component  of  constant  composition)  varied  so  con- 
siderably on  the  addition  of  water  as  a  third  component  as  to 
give  results  comparing  favorably  with  the  most  careful  density 
determinations  for  a  criterion  of  the  water  content  of  an  alcohol- 
water  mixture.  This  work  was  later  substantiated  by  Andrews."*' 
In  the  present  work  the  results  of  Crismer  were  again  substan- 
tiated and  the  valuation  of  this  constant  for  alcohols  containing 
very  small  amotmts  of  water  proved  of  considerable  importance  in 
testing  the  fractions  of  several  of  the  distillates.  The  variation 
of  the  critical  solution  temperatuore  as  a  function  of  the  amount 
of  water  present  is  given  in  curves  of  Fig.  2,  with  a  comparison 
of  our  own  results  with  those  of  Vandam"**  and  Andrews"'' 
obtained  with  different  kerosenes. 

Curve  I  (Fig.  2)  represents  the  results  of  Vandam  and  Curve  IV 
those  of  Andrews.  They  are  in  very  good  agreement.  Curves  II 
and  III  show  the  results  of  the  present  work.  Only  mixtures  with 
small  amounts  of  water  were  investigated.  In  order  to  make  this 
physical  constant  of  value  over  a  large  range  of  compositions »  it 
would  be  necessary  to  have  a  series  of  oils  so  chosen  as  to  keep 
the  critical  solution  temperatures  within  the  range  of  ordinary 
temperatures  most  easily  observed.  The  variation  for  i  per 
cent  of  water  can  be  read  from  the  curves. 

Cm^es  II  and  III  are  for  oils  A  and  B,  respectively  (p.  347), 
The  restdts  indicate  a  large  variation  of  the  critical  solution  tem- 
perature caused  by  small  quantities  of  water,  and  this  variation  is 
independent  of-  the  nature  of  the  oil  used. 

As  pointed  out  by  Crismer,  the  temperature  requires  to  be  deter- 
mined to  o?05  to  give  the  same  precision  as  density  determina- 
tions to  the  fifth  dechnal  place,  which  requires  temperature  regu- 
lation to  o?oi  or  o?02  in  making  density  determinations.  As 
shown  in  Fig.  i,  the  critical  concentration  was  determined  by 
determining  the  solubility  curves.  The  maxima  of  the  solu- 
bility curves  for  alcohols  containing  small  amounts  of  water  are 
not  shifted  appreciably  with  respect  to  the  alcohol-oil  composi- 
tion. In  Fig.  I,  considering  the  concentration  of  the  water  as 
being  meastu-ed  along  an  axis  perpendicular  to  the  plane  of  the 
paper,  the  upper  Ciurve  III  represents  the  projection  of  the  real 
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solubility  curve  upon  the  plaae  of  the  paper,  which  is  the  zero 
water  plane. 

Curve  I  (Fig.  i)  shows  the  solubility  curve  obtained  with  oil  B 
and  alcohol  V-2,  a  distillate  shown  in  Table  X.  Ciu^e  II  repre- 
sents the  solubility  relations  of  oil  A  and  alcohol  IX-5  of  Table 
XIII.  Curve  III  gives  the  curve  for  oil  A  and  an  alcohol  IX-o 
before  dehydration.  Since  the  maximum  of  the  curve  is  higher 
than  the  value  given  in  Table  XIII,  the  sample  evidently  absorbed 
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Fig.  2. — Change  of  critical  solution  temperature  with  varying  water  content  of  ethyl  alcohol 

additional  moisture  during  the  time  between  the  two  determina- 
tions. 

In  the  determination  of  the  critical  solution  temperatures  equal 
volumes  (generally  5  cc)  of  the  alcohol  and  the  kerosene  were 
placed  in  a  small  bulb,  care  being  taken  to  exclude  moistiu*e. 
This  was  warmed  to  the  region  of  complete  miscibility  and  slowly 
cooled  in  a  bath  the  temperature  of  which  could  be  varied  at  any 
desired  rate.     At  the  critical  solution  temperature  there  is  a 
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sharp  cloud  formation.  No  difficulty  was  experienced  in  repeat- 
ing observations  to  o?o5  C.  In  this  system  there  was  no  dis- 
turbing critical  opalescence  at  the  critical  concentration.  In  the 
solubility-curve  determinations  the  end  point  was  not  so  sharp 
for  the  concentrations  containing  a  large  percentage  of  oil. 

Kerosene  is  especially  adapted  for  use  as  one  of  the  components, 
since  it  can  be  so  chosen  or  changed  by  mixing  with  lighter  hydro- 
carbons that  the  value  of  the  critical  solution  temperature  will 
be  such  as  to  permit  convenient  temperature  meastu^ments. 
Two  kerosenes  were  used,  which  will  be  designated  as  oil  A  and 
oilB. 

Oil  A  had  a  critical  solution  temperattu^  with  anhydrous  alcohol 
of  28?3.  Slow  changes  in  this  value  took  place  when  the  oil  was 
dried  over  soditun.  It  was  f otmd  that  a  lower  and  more  constant 
value  could  be  obtained  if  the  oil  were  dried  over  anhydrous 
calcium  chloride.  The  changes  are  probably  due  to  the  chemical 
action  of  the  soditun  on  the  oil. 

Oil  B  was  made  by  diluting  oil  A  with  a  lower-boiling  kerosene. 
With  anhydrous  alcohol  it  gave  a  critical  solution  temperature  of 
about  i8?o.  The  oil  had  a  density  at  25®  of  0.8102,  was  dried 
over  anhydrous  calcitun  chloride,  and  its  composition  as  deter- 
mined by  check  determinations  with  anhydrous  alcohol  remained 
tmchanged  over  a  period  of  several  months.  The  preliminary 
experimental  work  showed  that  equal  voliunes  of  the  two  liquids 
were  sufficiently  near  the  critical  concentration  to  permit  this 
concentration  to  be  used  for  all  determinations  of  the  critical 
solution  temperatm^  of  alcohols  containing  very  small  amounts 
of  water  and  where  the  relative  values  are  of  most  importance. 
The  percentage  concentration  by  weight  of  alcohol  in  such  a 
mixtiu'e  with  oil  B  was  49.2  per  cent.  Examination  of  the  curves 
will  show  this  to  differ  very  little  from  the  critical  concentration 
as  shown  by  the  maxima  of  the  solubility  curves. 

In  certain  of  the  experiments  the  values  for  the  critical  solution 
temperatiu'e  are  given  in  comparison  with  the  density  values. 

3.  MATBRIALS 

Ptuification  and  dehydration  experiments  were  made  on  four 
samples  of  alcohol  of  different  commercial  origin.    These  will  be 
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designated  as  samples  A,  B,  C,  and  D.  Sample  A  was  purchased 
from  Her  &  Co.,  The  Willow  Springs  Distillery,  Omaha,  Nebr.,  and 
is  known  to  the  trade  as  "silk-finished  spirits."  From  density 
determinations,  this  alcohol  showed  a  percentage  strength  by 
weight  of  92.8,  and  it  was  used  in  most  of  the  experimental  work. 
An  analysis  made  at  this  bm-eau  gave  the  following  results : 

Percent. 
Aldehydes  (as  acetic  aldehyde) o.  0027 

Methyl  alcohol  (Trillat «».  ^  method  and  Mulliken  and  Scudder  »*»  ^f  ^^ 

method) None. 

Furfural a  00015 

Fusel  oil  (as  amyl  alcohol),  Allen-Marquardt  **  method a  033 

No  methyl  alcohol  was  foimd  by  the  same  methods  in  the  first 
distillate  from  4  liters.  Methods  of  analysis  of  Association  of 
Official  Agricultural  Chemists  "•*  were  used.  This  analysis  shows 
the  sample  to  have  a  satisfactory  ptuity  for  a  material  with  which 
to  start  a  fiu-ther  extended  purification. 

Sample  B,  of  approximately  the  same  strength  as  sample  A,  was 
obtained  from  the  Columbia  Distilling  Co.,  and  showed  a  satis- 
factory ptuity. 

Sample  C  consisted  of  Squibb's  absolute  alcohol,  having  a 
density  of  0.78570  at  25®  C,  corresponding  to  99.8  per  cent  on  the 
basis  of  the  Bureau  of  Standards  tables.^'**  This  alcohol  was  sev- 
eral years  old,  and  qualitative  tests  showed  it  to  contain  consider- 
able aldehyde.     It  also  possessed  a  foreign  aromatic  odor. 

Sample  D  consisted  of  Merck's  absolute  alcohol  Ph.  IV,  having  a 
density  of  0.78705  at  25®  C,  corresponding  to  99.3  per  cent.  This 
sample  contained  considerable  amounts  of  aldehyde,  and  was  used 
directly  in  a  final  distillation  without  preliminary  dehydration  and 
ptuification. 

4.  PURIFICATION  AND  TESTING  FOR  IMPURIIIES 

In  the  preliminary  ptuification  attempts  to  remove  the  last 
traces  of  aldehyde  by  the  method  of  Winkler  ^®*^  were  unsuccessful, 
both  at  ordinary  and  the  boiling  temperature.  Considerable 
amotmts  were  removed  in  this  way,  but  no  part  of  the  distillate 
was  foimd  entirely  free  from  aldehyde.  No  attempt  was  made  to 
remove  the  higher  boiling  impurities  other  than  water,  except  by 
rejecting  the  first  and  last  tenths  of  the  distillates. 
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Sample  A  was  treated  with  silver  oxide  in  alkaline  solution 
under  the  reflux  condenser  for  several  hours  and  then  distilled. 
Sample  B  was  treated  in  the  same  manner  in  the  presence  of  con- 
siderable  amounts  of  lime,  in  order  to  dehydrate  at  the  same  time. 
Sample  C  was  treated  with  silver  oxide  in  alkaline  solution  at  room 
temperatures,  the  clear  liquid  decanted  and  distilled,  and  then 
subjected  to  the  final  distillation.  In  all  preliminary  dehydra- 
tions the  great  bulk  of  the  impurities  were  rejected  in  the  first  and 
last  tenths  of  the  distillate.  With  samples  A  and  B  it  was  possible 
by  means  of  one  dehydration  with  lime,  in  the  proportion  recom- 
mended by  Kailan  "*•  (550  grams  per  liter),  to  obtain  large  quan- 
tities of  alcohol  having  a  density  of  0.78961  at  20^  C,  correspond- 
ing, according  to  the  Biu-eau  of  Standards  "*•  tables,  to  99.9  per 
cent  alcohol  by  weight.  This  still  contained  minute  traces  of  alde- 
hyde, the  impurity  most  easily  detected.  The  method  of  aldehyde 
removal  with  metaphenylenediamine  hydrochloride,  suggested 
by  Windisch  *",  was  not  used  because  of  the  danger  of  introducing 
into  the  alcohol  even  more  objectionable  impurities.  The  last 
traces  of  aldehyde  were  successfully  removed  by  the  method  of 
Paul  ^^.  The  alcohol  was  boiled  for  several  days  xmder  a  reflux 
condenser,  coming  in  contact  with  nothing  other  than  glass  and 
dry  air.  The  cooling  water  in  the  condenser  was  held  at  a  tem- 
perature varying  between  50®  and  60®  C.  The  top  of  the  con- 
denser was  provided  with  an  arrangement  by  means  of  which  the 
more  volatile  constituents  could  be  drawn  oflf  by  means  of  a  citf- 
rent  of  dry  air.  This  arrangement  is  shown  in  Fig.  4.  At  the  end 
of  such  a  treatment,  lasting  two  days,  no  more  aldehyde  could  be 
found  in  the  vapors  drawn  oflf  and  the  most  delicate  tests  failed  to 
reveal  it  in  the  alcohol.  During  this  procedure  the  alcohol  did  not 
change  a  determinable  amount  in  density,  as  shown  by  determina- 
tions made  before  and  after  the  experiment.  There  was  some 
indication  of  aldehyde  formation  when  the  aldehyde-free  alcohol 
was  exposed  to  diffused  daylight  for  a  few  hotirs.  After  keeping 
in  the  dark  for  a  week,  tests  showed  about  as  much  aldehyde  as  was 
present  before  the  treatment. 

In  general,  it  seemed  that  chemical  methods  for  removing 
aldehyde  depending  upon  its  oxidation  to  the  corresponding  add 
were  useless  in  entirely  removing  the  aldehyde.     It  seemed  hardly 
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possible  that  an  agent  could  be  found  which  would  oxidize  alde- 
hyde completely  without  attacking*  alcohol  in  the  least.  Agents 
such  as  silver  nitrate,  silver  oxide,  and  potassium  permanganate 
certainly  fail.  Metaphenylenediamine  hydrochloride  is  very  effi- 
cient in  case  a  water-free  alcohol  is  not  desired.  There  has  been 
very  little  work  done  on  the  efficiency  of  the  opposite  procediu-e — 
that  is,  reduction  of  the  aldehyde  to  the  corresponding  alcohol. 
According  to  Wurtz  ^**  ethyl  alcohol  can  be  prepared  by  reducing 
acetaldehyde  with  soditun  amalgam.  It  was  hoped  that  in  the 
use  of  aluminum  amalgam  as  a  dehydrating  agent  it  would  also 
prove  a  means  of  removing  the  last  traces  of  aldehyde.  In  view 
of  the  consideration  that  a  small  quantity  of  aldehyde  is  probably 
formed  in  the  dehydration  and  in  view  of  the  above  experiment 
and  additional  ones  to  be  given  later,  showing  its  small  effect  on 
the  density,  it  was  not  deemed  worth  while  to  make  absolutely 
sure  that  the  dehydration  experiments  were  started  with  a  strictly 
aldehyde-free  alcohol. 

In  general,  the  final  distillates  were  tested  for  the  impurities 
likely  to  occur,  such  as  aldehydes,  the  higher  alcohols,  ether,  and 
water.  A  brief  description  of  the  procedm-es  found  most  satis- 
factory follows. 

Tests  for  Aldehydes, — From  among  the  various  tests  for  the 
lower  aldehydes  the  sulphite-fuchsine  reaction  was  found  to  be 
the  most  sea^-itive  and  reliable.  Ammoniacal  silver  solution, 
silver  nitrate  solution,  the  Windisch  reaction,  using,  metaphenyl- 
enediamine, and  the  Ffscher-Penzoldt  ***  test,  using  diazobenzene 
sulphonic  acid,  were  not  foimd  satisfactory,  either  because  of  lack 
of  sensitiveness  or  of  the  interfering  action  of  the  alcohol  itself. 
The  sulphite-fuchsine  test  as  proposed  by  Schiff**  and  further 
developed  by  Gayon  ^  and  Paul  ^'  was  found  fairly  satisfactory 
for  small  amotmts  of  aldehyde  in  alcoholic  solution.  The  reagent 
was  made  up  according  to  the  method  of  Paul  ^,  using  sulphurous 
add  to  decolorize  the  fuchsine,  and  all  tests  were  made  with  close 
adherence  to  his  procedure.  The  relative  results  on  the  aldehyde 
content  of  the  various  fractions  are  given  in  some  of  the  experi- 
ments. There  is,  however,  some  uncertainty  as  to  the  absolute 
amotmt  of  aldehyde  present.  In  some  fractions  it  was  impossible 
to  get  a  positive  test  for  this  impurity,  and  it  is  safe  to  say  that 
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in  the  fractions  showing  the  strongest  test  the  amount  of  alde- 
hyde was  less  than  o.ooi  per  cent,  and  so  of  n^lible  effect  on  the 
density.  Experiments  made  with  water  solution  of  formalde- 
hyde showed  that  by  means  of  this  reaction  one  part  in  a  million 
could  just  be  detected.  The  sensitiveness  is  decreased  by  the 
presence  of  alcohol  on  acqpunt  of  the  tmcertain  action  of  ptu^ 
alcohol  itself  on  the  reagent. 

Tests  for  Higher  Alcohols  (Fusel  Oil), — ^The  quantities  of  any 
higher  alcohols  present  were  so  small  as  to  escape  detection  by 
any  of  the  ordinary  quantitative  methods.  After  the  preliminary 
purification  and  one  distillation  no  color  was  given  on  standing 
for  a  week  mixed  with  an  equal  voltune  of  concentrated  sulphuric 
add.  It  w^  reasonably  concluded  that  the  alcohol  was  free  from 
higher  alcohols  in  any  quantity  sufficient  to  affect  the  density, 
outside  the  limits  of  the  experimental  error  ia  its  determination. 

Other  Possible  Impurities. — It  was  considered  tmlikely  that  ethyl 
ether  was  present,  though  theoretically  a  further  treatment  with 
a  strong  dehydrating  agent  could  possibly  take  from  the  chemical 
compound  ethyl  alcohol  (C^HjOH)  the  constituents  of  water, 
forming  the  ethyl  oxide  (CjHJjO.  In  the  absence  of  any  reliable 
chemical  test  for  small  quantities  of  ether  in  the  alcohol  it  was 
concluded  that  any  appreciable  quantity  would,  on  account  of  its 
much  lower  boiling  point,  show  in  the  first  distillate  and  be  recog- 
nized both  by  odor  and  by  a  different  density.  It  was  deemed 
uimecessary  to  consider  testing  for  such  imlikely  impurities  as 
methyl  alcohol  and  acetone  which  could  not  be  fotmd  in  the 
original  samples  of  alcohol.' 

Tests  for  Water. — No  specific  chemical  test  for  water  in  such 
small  quantities  as  they  existed  in  the  distillates  was  fotmd  to  be 
of  any  value.  Mendel^eff  **^»  ***  fotmd  baritun  oxide,  zinc  ethyl, 
and  soditun  amalgam  unadapted  to  detect  traces  of  moisture  in 
alcohol.  The  test  with  lead-potassitun  iodide  suggested  by 
Biltz  *"•  was  fotmd  to  be  inapplicable  to  alcohol.  Such  agents 
as  calcium  carbide,  anhydrous  copper  sulphate,  and  metallic 
calcium  gave  no  indication  of  water  with  alcohols  whose  density 
at  25°  C  was  below  0.78510. 

The  determination  of  certain  physical  constants  is  the  most 
satisfactory  test  for  and  criterion  of  the  water  content.    The  only 
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objection  to  such  criteria  is  the  necessary  assumption  of  the 
absence  of  other  substances  in  quantities  sufficient  to  aflfect  the 
physical  constant  determined.  Making  this  assumption  then, 
the  determination  of  physical  constants  becomes  the  only  satis- 
factory method  for  determining  quantities  of  water  so  small. 
Since  this  work  has  to  do  with  the  estabUshment  of  a  firm  basis 
for  density  alcoholometric  tables,  the  determination  of  the  density 
was  taken  to  be  the  main  criterion  of  the  water  content. 

A  detailed  description  of  the  methods  employed  in  the  density 
determinations  and  the  data  on  the  determinations  which  were 
chosen  as  establishing  the  density  of  absolute  alcohol  will  be 
found  in  part  3  of  this  paper  (p.  405) .  It  having  been  there  shown 
that  a  knowledge  of  the  condition  of  saturation  of  the  alcohol 
with  air  is  essential  in  order  to  use  density  as  a  criterion  of  dehy- 
dration, the  densities  given  here  are  for  alcohol  saturated  with 
air  at  the  temperature  of  the  determination. 

Some  use  was  also  made  of  the  determination  of  the  critical 
solution  temperature  as  a  second  criterion.  The  best  criterion  of 
the  attainment  of  a  chemically  pure  anhydrous  ethyl  alcohol  was 
the  obtaining  of  a  considerable  sample,  which  on  fiulher  treat- 
ment with  the  same  dehydrating  agent  gave  a  distillate  with  the 
same  density  from  beginning  to  end  of  distillation  and  a  value 
very  close  to  that  obtained  from  various  samples  of  alcohol  and 
by  using  various  efficient  methods  of  dehydration. 

5.  DEHYDRATION  AND  DISTILLATION  OF  THE  ALCOHOL 

Dehydrating  agents. — Such  reagents  as  potassium  carbonate, 
sodium  amalgam,  anhydrous  copper  sulphate,  and  calcium  chlo- 
ride were  rejected.  Calciiun  carbide  was  not  used  because  of  the 
possibility  of  introducing  organic  impurities  impossible  to  remove. 
On  long  contact  with  alcohol  many  decomposition  products  are 
formed.  Lime  with  the  addition  of  a  small  quantity  of  barium 
oxide  was  used  in  an  exact  duplication  of  Mendel^eflf's  *^»  ***  treat- 
ment. The  larger  number  of  distillations  were  made  with  lime 
alone,  using  samples  as  obtained  on  the  market,  and  also  these 
same  after  being  freshly  ignited.  Repeated  distillation  of  the 
same  sample  of  alcohol  was  made  with  this  reagent.  The  effi- 
ciency of  metaUic  caldtun  was  also  tested  and  fotmd  satisfactory 
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when  used  in  small  amounts.  Aluminum  amalgam  was  used  for 
the  first  time  in  a  quantitative  test  of  its  efficiency  and  some  of 
the  best  alcohol  was  obtained  in  this  way. 

Apparatus  and  Procedure. — ^The  various  distillations  were  car- 
ried out  in  three  types  of  apparatus.  For  convenience  they  will 
be  designated  by  the  letters  L,  M ,  and  N.  The  first  type  of  appa- 
ratus, L,  was  used  in  all  preliminary  distillations  and  some  of  the 
earUer  ones  of  which  the  results  are  recorded.  It  consisted  of  a 
5-Uter  Jena  flask  provided  with  a  40-cm  Hempel  still-head  filled 


Fig.  3. — Distilling  apparatus — Typ€  N 

with  short  pieces  of  glass  tubing.  To  this  was  connected  an  80-cm 
condenser  provided  with  several  interchangeable  500-cc  flasks  as 
receivers.  These  were  amply  protected  from  the  moist  air  by 
means  of  caldiun  chloride  tubes.  The  connections  between  the 
various  parts  were  made  with  corks  covered  with  tin  foil  and  there 
was  present  the  possibility  of  the  introduction  of  appreciable 
impurities  from  these.  The  second  type,  M ,  was  used  in  the  dis- 
tillations carried  out  under  reduced  pressiu'e.  The  necessary  con- 
necting corks  were  in  this  case  paraffined  and  the  joints  made 
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ti^t  by  means  of  mercury  seals.  The  distillations  were  made 
from  2  and  3  liter  round-bottomed  flasks.  The  pressure  could  be 
reduced  to  80  mm,  giving  a  boiling  temperature  of  about  40®  C. 

The  third  type,  N,  is  shown  in  Fig.  3.  In  this  apparatus  the 
greatest  efforts  were  made  to  exclude  the  possibility  of  moisture 
or  other  impurities  being  intro- 
duced. The  still  was  made  entirely 
of  glass,  the  connecting  joints 
being  ground  accurately.  Dis- 
tillations were  made  from  3-  and 
5-liter  flasks  into  the  500-cc  re- 
ceiver. Any  fraction  of  the  total 
distillate  under  500  cc  could  be 
siphoned  off.  The  entire  S)rstem 
was  protected  from  the  entrance 
of  moisture  by  calcium  oxide 
guard  tubes.  Fig.  4  shows  the 
reflux  condenser,  used  in  connec- 
tion with  this  aiq>aratus,  for  the 
heating  of  the  alcohol  with  the 
dehydrating  agent  and  the  carry- 
ing out  of  Paul's  procedure  of 
removing  the  aldehyde  or  other 
volatile  imptuities. 

All  preliminary  distillations 
were  made  with  apparatus  L,  dis- 
tilling from  a  water  bath  vary- 
ing in  temperatiu-e  between  80® 
and  90^.  All  the  distillations  car- 
ried out  with  the  hope  of  getting         "       ^«-  ^.-Reflux  apparatus 

an  anhydrous  alcohol  were  made  from  an  oil  bath  consisting  of  a 
high  grade  and  high  boiling  lubricating  oil  giving  off  no  appre- 
ciable vapors  below  no®.  The  temperature  of  this  bath,  which 
was  heated  electrically,  varied  in  the  experiments  between  80®  and 
iio^ 

The  following  precautions  to  prevent  moisture  absorption  by  the 
alcohol  were  taken  in  all  the  final  experiments  of  which  the  results 
77398*— 13 — ^3 
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are  given.  In  all  cases  of  heating  tinder  the  refltix  condenser  the 
exit  was  provided  with  lime  or  calcium  chloride  guard  tubes  or  a 
moving  current  of  dry  air.  Immediately  before  putting  the  still 
head,  with  condenser  and  receiver  attached,  in  place  of  the  reflux 
condenser,  the  entire  apparatus  was  swept  out  for  lo  minutes  by 
a  stream  of  air  thoroughly  dried  by  passing  through  a  caldiun 
chloride  drier,  sulphuric  add,  and  over  phosphorous  pentoxide  in 
succession.  The  only  time  during  which  the  vapors  of  the  alcohol 
came  in  contact  with  the  outside  air  was  during  this  transfer, 
which  occupied  about  five  seconds.  All  retainers  for  the  distillate 
were  swept  out  in  the  same  way.  The  various  fractions,  in  case 
they  were  not  used  at  once,  were  always  kept  in  tightly  stoppered 
bottles  indosed  in  large  lime  desiccators.  The  alcohol  at  no  time 
came  in  contact  with  moist  air  or  any  glass  surface  that  had  not 
been  dried  by  means  of  a  current  of  dry  air.  In  a  few  distillations 
which  will  be  mentioned  small  quantities  of  the  dehydrating 
materials  were  placed  in  the  still  head  so  that  the  vapors  of  the 
alcohol  would  come  in  intimate  contact  with  the  same  inmiediatdy 
before  passing  into  the  condenser.  All  dehydrating  agents  were 
made  as  nearly  anhydrous  as  possible  before  any  attempt  was  made 
to  use  them.  The  details  of  their  preparation  will  be  given  imder 
the  separate  experiments  to  be  described. 

6.  BXPBRIMBNTS  AND  RESULTS 

Fourteen  separate  dehydrations  and  distillations  were  made. 
These  will  be  designated  by  Roman  ntunerals.  The  following  out- 
line of  the  subject  matter  of  their  description  is  given  for  the  sake 
of  deamess.    For  each  of  these  it  is  proposed  to  give — 

1.  Type  of  distilling  apparatus  used,  the  sample  of  alcohol  used> 
its  density,  and,  as  far  as  needed,  its  previous  history. 

2.  The  preparation  of  the  dehydrating  agent,  the  treatment  of 
the  alcohol  in  dehydrating,  and  any  spedal  features  of  the 
distillation. 

3.  The  results  in  a  tabulated  form,  giving  the  number  of  frac- 
tions, their  voliune,  the  time  occupied  in  their  distillation,  and 
their  density  at  25®  compared  with  water  at  4®,  and  the  critical 
solution  temperature  when  determined.  Some  density  values  at 
15®  will  be  given.    Considering  the  fact  that  a  change  in  density 
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of  o.ooooio  corresponds  to  a  temperature  change  of  only  o?oi2, 
the  reader  wiU  not  give  undue  significance  to  the  sixth  dedmal 
place,  which  is  here  given  for  purposes  of  comparison. 

4.  A  short  discussion  of  the  more  specialized  features  and 
results  of  a  given  experiment. 

Experiment  I. — ^Three  and  one-half  liters  of  alcohol  from  sam- 
ple A  were  distilled  in  apparatus  L.  This  alcohol  had  been  dehy- 
drated with  Ume  and  showed  a  density  of  0.78961  at  20®  C.  It 
was  also  free  from  aldehydes.  On  standing  for  five  days,  pro- 
tected from  daylight  in  contact  with  700  g  of  ordinary  commercial 
lime,  it  assumed  a  lemon-yellow  color.  About  100  g  of  barium 
oxide  were  added  and  the  whole  heated  under  the  reflux  con- 
denser for  ID  hours.  The  alcohol  turned  a  deep  brown  color. 
Immediately  before  the  distillation  50  g  of  finely  powdered  lime 
were  added  in  order  to  take  up  any  water  produced  by  the  too 
extensive  formation  of  barium  alcoholate.  This  formation  of 
water  was  shown  by  Crismer.*^*  The  barium  oxide  was  added 
merely  with  the  purpose  of  carrying  out  one  distillation,  following 
as  closely  as  possible  the  procedm-e  of  Mendel^eff.*^»  "*  Subse- 
quent experiments  show  that  it  can  be  dispensed  with,  and  it  is 
certainly  undesirable  to  have  such  extensive  reactions,  foreign  to 
the  purpose  of  dehydration,  going  on  during  the  process. 

TABLE  VI 
Results  of  Experiment  I 


Sample 

Volume 

Time 

1^ 

Oritfinul 

cc 
3500 

1000 
500 
500 
350 
300 
350 
250 
125 

hn 

0  78535 

Fraction: 

1 

9 
3 
3 
2 
6 
9 
2 
3 

-     785153 

2 

785081 

3 

785066 

4 

785062 

5 

785063 

6 

785061 

7 

785060 

8 

785072 

Though  the  original  alcohol  used  was  entirely  free  from  alde- 
hyde, small  quantities  were  found  in  all  the  distillates  with  the 
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mitiitniim  amounts  in  the  middle  fractions.  Evidently  they  were 
produced  during  the  dehydration  process.  In  no  case  was  the 
content  above  o.ooi  per  cent.  This  experiment  is  a  very  satis- 
factory reproduction  of  the  work  of  Mendel^efF,  the  results  agree- 
ing with  his  as  to  the  value  of  the  density,  but  at  the  same  time 
showing  a  much  greater  uniformity  in  the  various  fractions. 
While  the  last  fraction  was  being  distilled  the  oil  bath  was  at  a 
temperature  of  loo®.  This  fact,  in  conjunction  with  later  experi- 
ments, shows  that  the  temperature  of  the  heating  bath  has  little 
to  do  with  the  composition  of  the  distillates  when  distilling  a 
nearly  anhydrous  alcohol,  provided  it  does  not  exceed  no®. 
\\^thin  the  limits  tried  the  rate  of  distillation  seems  to  have  no 
disttui)ing  influence.  The  rate  was  varied  fnom  40  to  175  cc  per 
hour  without  any  significant  change  in  the  density  values. 

Experiment  II. — Three  liters  of  sample  A,  having  a  density  of 
0.78961  at  20®  C,  after  preliminary  dehydration,  were  treated  with 
lime,  duplicating  as  closely  as  possible  the  procedtu^  of  Messrs. 
Squibb.*"  The  distillation  was  carried  out  in  apparatus  M  under 
reduced  presstu-e,  varying  between  80  and  100  mm,  necessitating 
a  bath  temperature  between  35®  and  45®.  Air-slaked  lime  in 
powdered  condition  was  ignited  at  a  red  heat  for  10  hours  and  let 
cool  in  dry  air.  This,  with  some  large  pieces  of  freshly  ignited 
iiiiiCy  aggr^ating  about  400  g  per  liter  of  alcohol,  was  rotated  in 
the  cold  for  three  days  and  let  stand  for  six  weeks  with  frequent 
shaking.    The  clear  lemon-colored  liquid  was  siphoned  off  and 

distilled. 

TABLE  Vn 

Results  of  Experiment  11 


SoDpto 

v«iiim« 

Time 

i>^ 

Oriffaial 

cc 
3000 

500 
500 
500 
500 
500 

hn 

0.78535 

Fractioo: 

1 

1 
1 
3 
3 
3 

.785097 

2 

.785068 

3 

.785085 

4 

.785107 

5 

.785101 

The  fractions  from  this  distillation  contained  traces  of  aldehyde. 
By  dehydration  and  treatment  essentially  similar  to  that  described 
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by  Messrs.  Squibb,  it  was  not  possible  to  duplicate  the  low  values 
gotten  by  them  for  the  density  of  anhydrous  alcohol.  The  values, 
on  the  other  hand,  agree  with  those  obtained  by  other  investiga* 
tors  using  a  great  variety  of  ddhydrating  agents.  The  slightly 
higher  values  of  all  the  fractions  may  be  due  to  their  containing 
less  dissolved  air. 

Experiment  III. — One  liter  of  lot  C  of  Squibb's  manufacture, 
after  the  preliminary  purification  had  reduced  the  foreign  odor 
and  removed  the  bulk  of  the  aldehyde  content,  was  treated  with 
400  g  of  freshly  ignited  lime  in  apparatus  N.  It  was  subjected 
to  Paul's  ^^*  treatment  in  order  to  remove  any  of  the  more  volatile 
constituents  still  remaining. 

TABLE  Vm 
Results  of  Experiment  m 


Sample 

Volume 

Time 

i»^* 

Oiitfiiul 

cc 
1000 

500 
200 

hn 

0.78570 

»*  m  ■^■■■^>*  ............................ 

Flractioii: 

1 

3 

1 

.785072 

2 

.785070 

The  results  of  this  experiment  show  the  efficacy  of  Paul's  pro- 
cedtu'e  in  removing  the  lower  boiling  impurities.  In  the  distil- 
lates the  foreign  odor  and  the  aldehyde  were  just  noticeable. 
The  values  are  very  close  to  what  appears  to  be  the  normal  one. 

Experiment  IV. — ^This  experiment  was  intended  to  represent 
our  best  efforts  in  obtaining  a  pure  anhydrous  alcohol  and  was 
carried  out  with  every  precaution  that  occurred  to  us.  Three 
and  three-tenths  liters  of  mixed  distillates  from  previous  experi- 
ments were  treated  in  apparatus  N  with  500  g  of  lime  made  from 
marble.  This  lime  was  ignited  for  10  hours  in  an  electrical 
resistance  ftunace  at  from  600®  to  700®.  After  the  mixture  had 
been  left  standing  for  three  days  at  room  temperature,  with  fre- 
quent shaking  and  after  the  addition  of  25  g  of  powdered  lime 
that  had  been  ignited  to  900®  for  24  hours,  the  whole  was  heated 
under  the  reflux  for  10  hours.  The  same  amount  was  added 
immediately  before  distilling.    A  considerable  quantity  of  small 
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dups,  ignited  in  the  same  way,  was  put  into  the  still  bead  and  the 
distillation  b^;un  before  the  alcohol  bad  cocked.  Fractions  were 
taken  directly  from  the  receiver  into  the  tube  in  which  the  den- 
sity determinations  were  made.  The  distillate  was  so  divided 
into  fractions  as  to  show  the  possible  differences  in  the  phjrsical 
properties  of  its  parts  to  best  advanti^e. 

The  results  show  the  distillate  to  have  been  very  nearly  uni- 
form throughout.  The  density  at  25^  of  fraction  2  on  keqnng 
for  several  months  in  a  g^ass-stoppered  bottle  in  a  Hme  desiccator 
that  was  frequently  opened  changed  to  0.785088,  representing  an 
absorption  of  0.006  per  cent  moisture,  ft^sqttnttig  qq  other  changes 
in  the  akohol  of  such  a  nature  as  to  influence  the  density. 

TABLE  DC 
Results  of  Experiment  IV 


^ 

'                   2S- 

Orifhifil 

cc 
3300 

120 
450 
120 
500 

120 
350 
120 
350 
120 
400 
450 

kn 

0  785116 

Fra^km: 

1 

0.5 

1.5 

.5 

1.0 

.5 

.5 

.5 

1.0 

.5 

1.0 

1.0 

78S007 

A 

2 

785069 

B 

3 

7^058 

C 

4 

785056 

D 

5 

.785056 

B 

6 

.785054 

Omitting  the  density  value  of  the  first  fraction  the  various 
fractions  have  the  same  density  to  within  two  tmits  in  the  fifth 
decimal  place. 

Experiment  V. — ^Four  liters  of  sample  B,  comprising  the  middle 
fractions  from  the  preliminary  dehydration  and  purification,  were 
added  to  the  residues  and  lime  of  Experiment  IV  in  the  same 
apparatus. 

Heating  imder  the  reflux  was  continued  for  a  week  with  the 
water  in  the  reflux  between  50®  and  60®.  The  still  head  contain- 
ing the  chipped  lime  was  again  used. 
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SoDpto 

Volnme 

Time 

D^ 

Flractioii: 

1 

cc 

400 
1000 
2100 

200 

hn 

1 
3 
4 
1 

2 

0.785051 

3 

.785101 

4 

These  distillates  contained  no  aldehyde.  They  were  used  in 
subsequent  experiments  to  test  the  eflfect  of  successive  dehydra- 
tions and  the  use  of  calcium.  Freshly  ignited  lime  does  not  seem 
to  be  necessary  in  order  to  obtain  an  alcohol  of  very  low  density. 

Experiment  VI. — ^The  third  fraction  of  2000  cc  from  Experiment 
V  was  distilled  from  apparatus  N.  This  alcohol  was  treated  with 
about  400  g  of  commercial  lime  taken  from  large  pieces  and  the 
whole  heated  under  the  reflux  for  18  hours.  The  middle  fraction 
of  1250  cc  showed  a  density  of  0.785058  at  25®. 

It  appears  from  this  experiment  that  a  repetition  of  the  dehy- 
dration even  with  commercial  lime  reduced  the  density  of  the 
alcohol  product  considerably. 

Experiment  VII. — ^The  middle  fraction  of  Experiment  VI  was 
treated  with  150  g  of  chipped  lime  that  had  been  ignited  at  900® 
for  ID  hours.  This  was  heated  under  the  reflux  for  18  hours  and 
then  distilled  in  apparatus  N. 

TABLE  XI 
Results  of  Experiment  VII 


Sample 

Vohime 

i>^' 

Origfnfll . 

cc 
1250 

120 
250 
120 
120 
120 

0.785058 

Fraction: 

1 

.785064 

A 

2 

.785059 

B 

3 

.785060 

1 
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This  is  the  final  of  three  successive  dehydrations  of  the  same 
sample  of  alcohol  with  lime.  The  value  remains  essentially 
unchanged  and  the  separate  fractions  show  a  remarkable  agree- 
ment in  their  densities,  indicating  the  purity  and  uniformity  of 
the  alcohol.  It  seems  that  this  distillate  represents  the  best 
results  obtainable  with  lime  as  a  dehydrating  agent,  and  also 
from  the  standpoint  of  uniformity  of  the  di£ferent  parts  of  the 
distillate.  It  is  probable  that  this  alcohol  is  freer  from  impuri- 
ties than  any  obtained  in  this  work  with  the  possible  exception 
of  the  distillates  of  Experiment  XII. 

Experiment  VIII. — ^The  combined  fractions  from  Experiment 
VII,  aggr^ating  about  750  cc,  were  treated  in  apparatus  N^ 
with  6  g  of  metallic  caldtun  and  let  stand  over  night.  The  cal- 
cium acted  upon  the  AcohxA  with  hydrogen  evolution  giving  a 
white  crystalline  alcoholate,  which  went  into  solution  on  raising 

the  temperature. 

TABLE  Xn 

Results  of  Experiment  Vm 


SoDpto 

r^ 

rn: 

Oiigiiul 

ec 
750 

250 
250 
200 

hn 

0.785061 

Fraction: 

1 

3 

1.5 

2 

.785061 

2 

.785072 

3 

.785080 

The  table  shows  a  slight  increase  in  the  density  results.  This 
can  not  be  certainly  ascribed  to  an  increase  in  the  water  content. 
It  may  easily  be  due  to  a  variation  in  the  condition  with  regard 
to  air  saturation  caused  by  the  calcium  treatment  or  to  the  for- 
mation of  a  small  quantity  of  some  other  substance.  The  resi- 
dues in  the  flask  were  brownish.  The  distillation  was  carried 
almost  to  dryness.  Other  investigators  have  found  smaller 
amounts  of  calcium  more  efficient  than  large  amounts.  The 
value  obtained  for  the  density  by  use  of  this  agent  is  lower  than 
that  obtained  by  other  investigators,  excepting  IQason  and 
Norlin."**  Results  indicate  that  lime  is  more  efficient  than 
metallic  calcium. 
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Experiment  IX. — ^Four  liters  of  sample  D  without  preliminary 
dehydration  and  purification  were  treated  with  400  g  of  recently 
ignited  lime  per  liter  of  alcohol.  This  was  let  stand  for  several 
weeks  with  frequent  shaking.  As  in  the  other  cases  of  dehy- 
drating with  lime,  a  lemon  yellow  color  appeared,  deepening 
finally  to  a  brown.  No  attempt  was  made  to  remove  the  alde- 
hyde by  chemical  means.  The  whole  was  subjected  to  Paul's  ^^* 
treatment  of  boiling  under  the  reflux  for  about  two  days.  Distil- 
lation was  carried  out  in  apparatus  N  after  adding  about  25  g  of 
freshly  ignited  powdered  lime. 

TABLE  Xm 
Results  of  Experiment  DC 


SoDpto 

Volnme 

Time 

< 

CriUaa 

MlistlQa 

tempwitiue 

Oiitfiiul. 

cc 
4000 

120 
500 
150 
500 

200 
500 
120 
500 
150 
500 
500 

hn 

0.787048 
.785128 

•c 

37.60 

^^*  ■&■■■"■  ••••••••• 

Flractioiis 

1 

1.5 
1.5 

.5 
1.5 

.5 
2.0 

.5 
3.0 
3.0 
3.5 
6.5 

ia45 

A 

2 

.785078 

18.25 

B 

3 

.785067 

18.30 

C 

18.25 

4 

18.10 

D 

18.20 

5 

.785048 

18.17 

B 

18. 15 

6 

.785101 

18.30 

In  the  last  column  are  given  the  values  of  the  critical  solution 
temperature.  The  relative  values  of  this  constant  found  for  the 
different  fractions  are  somewhat  irregular,  but  in  general  follow 
the  density  values.  By  one  dehydration  with  lime  of  a  commer- 
cial absolute  alcohol  as  above  it  is  possible  to  get  a  middle  portion 
of  the  distillate  showing  the  density  value  of  anhydrous  alcohol. 
This  alcohol  from  a  different  commercial  source  furnishes  anhy- 
drous alcohol  of  essentially  the  same  phjrsical  properties  as  the 
other  samples  examined. 

Experiment  X. — ^The  three  following  experiments  were  made, 
using  activated  aluminum  (aluminum  amalgam)  as  dehydrating 
agent.  There  are  several  statements  in  the  literature  regarding 
its  efBcacy,  but  no  quantitative  experimental  data. 
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One  liter  of  sample  A,  having  a  dendty  of  0.78535  at  25^,  after 
the  preliminary  dehydration,  was  treated  with  10  g  of  aluminum 
^mftlgfttn  The  distillation  was  carried  out  in  apparatus  M  under 
reduced  pressure.  The  amalgam  was  prepared  as  recommended 
by  Wislicenus  and  Kaufmann^  by  etching  aluminum  wire  with 
sodium  hydroxide  solution  and  then  treating  with  a  dilute  solu- 
tion of  mercuric  chloride.  The  amalgam,  after  washing  with 
alcohol  and  ether  and  subsequent  drying,  was  let  stand  with  the 
alcohol  over  night.  There  was  an  abundant  formation  of  the 
insoluble  alcoholate  with  copious  hydrogen  evolution. 

TABLE  XIV 
Results  of  Experiment  X 


SoDpto 

v— 

r^ 

Bi: 

Ori^al 

CC 

1000 

SOD 

300 
100 

kn 

0.78535 

Fraction: 

1 

4 
2 
1 

.785112 

2 

.785077 

3 

.785068 

Twenty  cubic  centimeters  of  fraction  2  were  added  to  fraction 
3  to  give  sufficient  volume  for  the  determination  of  the  density. 

Experiment  XL — One  liter  of  the  same  samplis  as  used  in  the 
previous  experiment  was  treated  with  10  g  of  amalgam  and  let 
stand  for  three  weeks.  This  amalgam  was  made  by  heating  the 
wire  in  mercury  up  to  the  boiling  point  of  the  latter.  The  dis- 
tillation was  carried  out  in  apparatus  M  imder  reduced  pressure. 
After  rejecting  the  first  50  cc  the  middle  fraction  of  400  cc  showed 
a  density,  at  25®,  of  0.785089. 

Experiment  XII. — ^Two  and  one-half  liters  of  sample  A,  after 
preliminary  purification,  were  treated  with  amalgam  made  from 
25  g  of  aluminum  wire.  The  alcohol  was  kept  boiling  for  a  week 
imder  a  reflux  condenser  containing  water  varjring  in  temperature 
between  50®  and  60®.  No  aldehyde  was  contaiaed  in  the  vapors 
drawn  off  at  the  end  of  this  treatment.  Immediately  before  dis- 
tilling in  apparatus  N  some  freshly  amalgamated  wire  was  placed 
in  the  still  head. 
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TABLE  XV 
Results  of  Experiment  Xn 


Sample 

VohmM 

i>% 

Ori^iiMl 

ce 
2500 

250 
250 
500 

350 
250 
300 

0.78535 

Vmctioo: 

1 

.785056 

2 

.785068 

3 

.785051 

4 

.  785051 

5 

.785061 

6 

.785056 

The  alcohol  obtained  m  this  experiment  represents  a  pure 
liquid  within  the  limits  set  by  the  sensitiveness  of  the  density 
determination  as  a  criterion  of  purity.  The  density  results  agree 
very  closely  with  those  obtained  by  other  methods  of  dehydration. 
All  the  fractions  were  practically  free  from  aldehyde.  The 
amalgam  may  act  as  a  reducing  agent,  converting  aldehyde  into 
the  corresponding  alcohol  or  at  least  preventing  any  formation  of 
aldehyde  during  the  dehydration. 

Experiment  XIII . — ^In  order  to  furnish  anhydrous  alcohol  for  a 
check  series  of  density  determinations  of  mixtures  given  in  part  4, 
two  additional  distillations  were  made. 

Two  liters  of  a  mixture  made  from  fractions  of  various  distilla- 
tions of  lots  A  and  B  (IV,  i ;  V,  4;  VI,  i ;  XII,  i,  6)  were  treated 
with  200  g  of  freshly  ignited  lime.  The  alcohol  was  let  stand  for 
ID  days  with  frequent  shaking.  The  clear  liquid  was  siphoned  off 
with  careful  exclusion  of  moist  air  and  treated  under  the  reflux 
condenser  for  a  day  after  adding  50  g  of  freshly  ignited,  air- 
slaked  lime  which  was  in  a  very  fine  state  of  division.  The  water 
in  the  reflux  was  held  at  about  60®  and  the  more  volatile  con- 
stituents were  removed  by  pieans  of  a  moving  current  of  dry  air 
led  into  the  top  of  the  condenser.  Fifty  grams  additional  of 
powdered  lime  were  added  immediately  before  distilling.  Appa- 
ratus N  was  used  with  the  receiver  directly  sealed  to  the  con- 
denser. The  densities  of  the  various  fractions  were  determined 
at  15®  in  order  to  give  a  direct  comparison  with  the  results  of 
Mendel^ff.  The  critical  solution  temperature  was  followed 
closely. 
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TABLE  XVI 
Results  of  E9q>eriment  Xm 


|Vfl«.^ 


VtllSflM 

^^ 

Critlcil 

motiMi 

tonpdrahift 

Orfffnal 

2050 

20 
120 
250 
120 
130 
150 
250 
250 

50 

•c 

17.95 

Fracdoii: 

1 

17.95 

2 

0. 793619 

17.83 

3 

17.82 

4 

.793606 

17.82 

5 

17.82 

6 

.793614 

17.85 

7 

17.85 

8 

.793615 

17.78 

9 

17.75 

Fraction  4  near  the  middle  of  the  distillate  shows  the  lowest 
density.  The  critical  solution  temperature  showed  a  small 
decrease  as  the  distillation  proceeded  and  indicated  a  decreasing 
water  content  on  the  assumption  of  the  absence  of  other  impuri- 
ties. The  differences  are  hardly  significant  and  the  results  show 
a  satisfactory  agreement  with  the  other  experiments.  The 
density  of  absolute  alcohol  at  15^  is  somewhat  higher  than  the 
corrected  result  of  Mendel^eff. 

Experiment   XIV. — Fractions  from   the   various   distillations 

(V,  2 ;  IX,  2,  6,  C;  XIII,  2,  4,  8,  9)  were  combined  and  treated  with 

lime  as  given   imder   Experiment   XIII.    The   same   distilling 

apparatus  was  also  used.    Density  determinations  were  made  at 

15®  and  25^ 

TABLE  XVn 

Results  of  Experiment  XIV 


Sampto 

D»: 

i>^ 

Critkal 
■oltttjan 

Fractioin: 

1 

•c 

17.10 

2 

17.10 

3 

0.793596 
.793595 

0.785049 
.785058 

17.10 

4 

17.05 

5 

17.05 

6 
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Judging  from  the  restdts  obtained  in  the  determination  of  the 
critical  solution  temperature,  there  is  practically  no  separation  of 
the  alcohol  into  fractions  of  di£ferent  physical  properties.  The 
densities  obtained  are  slightly  below  the  mean  values  obtained 
in  the  previous  experiments.  It  is  interesting  to  compare  the 
expansion  of  fractions  3  and  4  between  15®  and  25®  with  the  value 
called  for  by  the  formula  obtained  in  part  2.     Here  the  value  for 

2?^-/?^  is  found  to  be  0.008547  for  fraction  3  and  0.008537 
for  fraction  4,  while  the  formula  difference  is  0.00854. 

7.  BFFBCT  OF  IMPURITIBS  ON  THE  DSNSITT 

A  study  was  then  made  of  the  effect  of  small  concentrations  of 
possible  impurities  on  the  density  of  anhydrous  alcohol  and  on 
the  critical  solution  temperature  with  kerosene  mixtures.  The 
effect  of  acetaldehyde  and  ethyl  ether  was  studied.  Some  data 
were  also  obtained  on  the  effect  of  dissolved  air.     (See  p.  407.) 

The  lower  aldehydes,  principally  acetaldehyde,  are  the  most 
persistent  impurities  in  alcohol,  notwithstanding  their  much  lower 
boiling  points.  While  tests  showed  that  acetaldehyde  was  not 
present  in  amounts  sufficient  to  affect  the  density  appreciably,  yet 
it  was  deemed  worth  while  to  determine  the  direction  and  amount 
of  this  effect.  Acetaldehyde  was  made  by  oxidizing  alcohol  with 
chromic-sulphuric  add  mixture,  then  purified  and  dehydrated  by 
distilling  twice  from  anhydrous  caldtun  chloride.  Immediatdy 
before  making  the  mixtures  the  vapor  was  passed  over  caldtun 
chloride  before  condensation.  The  mixtures  were  made  up  by 
weighing  directly.    Table  XVIII  shows  the  results  obtained. 


TABT-R  XVm 
Effect  of  Acetaldehyde  on  Density 

Mlitare 

ActCaldeliydA 

dcnsily 

Pwcent 

0.00 
.023 
.140 
.466 

0. 785101 
.785144 
.785394 
.786030 

0.000000 

2 
3 

.000043 
.000293 
.000029 
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The  aldehyde  in  mixture  2  could  be  plainly  recognized  by  odor. 
Mixture  i  diluted  with  alcohol  to  10  times  its  volume  still  gave  a 
strong  test  for  aldehyde  by  means  of  the  sulphite-f uchsine  reaction. 
Ramsay  "•  found  0.7771  to  be  the  density  of  acetaldehyde  at  21®, 
this  temperature  being  its  boiling  point.  Small  variations  of  the 
density  of  the  fractions  in  certain  experiments  may  be  due  to 
small  quantities  of  aldehyde.  It  may  be  interesting  to  note  the 
concordance  in  the  various  fractions  of  Experiment  XII  where 
aluminum  amalgam  was  used  as  dehydrating  agent  and  might  act 
as  a  reducing  agent  converting  the  aldehyde  into  alcohol.  One 
per  cent  aldehyde  lowers  the  critical  solution  temperature  o?5. 

Very  small  quantities  of  ether  are  not  open  to  detection  by 
chemical  means  because  of  its  resistivity  toward  chemical  reagents 
in  general.  One  would  expect  the  bulk  of  any  ether  present  to 
collect  in  the  first  fraction  on  distillation  and  to  be  recognizable 
either  by  odor  or  its  effect  on  the  density  or  other  physical  proper- 
ties. A  few  mixtures  of  known  ether  content  were  made  up  and 
their  density  determined.  The  ether  was  purified  by  shaking 
with  dilute  sodium  hydroxide  solution  and  then  washed  thoroughly 
with  water  to  remove  the  alcohol.  After  several  days*  drying 
over  anhydrous  calcium  chloride  it  was  distilled  from  sodium 
wire  immediately  before  use.  The  mixtures  were  made  up  by 
direct  weighing. 

TABLE  XIX 


Effect  of  Ethyl  Ether 

on  Density 

ICIitei* 

ntbK 

D^ 

Anhjdroos  alcohol,  IV^ 

Ptttak 

aoo 

.060 
.185 

a  785091 
.785070 
.785019 

2 

-a  000021 

-  .000072 

For  small  amounts  of  ether  in  alcohol  the  results  show  that  o.  i 
per  cent  lowers  the  density  0.00004.  ^oth  mixtures  on  standing 
gave  a  strong  odor  of  ether.  Young  •^  suggests  the  possibility 
that  the  low  density  results  obtained  by  Messrs.  Squibb  *•*  may 
be  due  to  the  presence  of  ether.    Assuming  the  same  rate  of 
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decrease  to  hold  and  taking  0.78506  as  the  correct  value  for  the 
density  of  anhydrous  alcohol  at  25°,  it  would  take  approximately 
0.9  per  cent  ethyl  ether  to  give  their  low  value.  This  amount 
could  hardly  escape  detection.  One  per  cent  ether  lowers  the 
critical  solution  temperature  2?i. 

8.  DISCUSSION  OF  RESULTS 

The  distillates  obtained  in  Experiments  IV  and  XII  answer  all 
the  requirements  as  to  purity,  judged  by  the  constancy  of  the 
physical  property  determined.  That  they  were  not  mixtures 
showing  constant  physical  properties  is  indicated  from  the  fact 
that  the  density  results  agreed  even  when  different  dehydrating 
agents  were  used.  That  the  density  of  the  distillate  remained 
essentially  unaltered  when  the  distillation  was  carried  on  under 
reduced  pressure  is  additional  evidence  on  this  point. 

Concerning  the  freedom  from  impurities  other  than  water  in  the 
distillates  showing  densities,  at  25°,  of  0.78506  ±0.00001,  the 
following  is  to  be  said:  (i)  The  fact  that  fractions  of  the  same 
density  were  obtained  from  samples  of  different  origin  points  to 
either  a  removal  of  all  the  significant  amounts  of  impurities  or  a 
retention  of  these  unpurities  m  fixed  amounts  even  though  using 
different  methods  of  purification;  (2)  the  good  agreement  found 
in  the  density  of  the  mixtures  made  up  from  the  distUlates  and 
mixtures  of  distillates  with  densities  showing  water  content  from 
o.oi  to  0.05  per  cent,  and  from  different  alcohols,  indicates  a  uni- 
formity in  the  alcohol  characteristic  of  a  pure  substance  within 
our  present  methods  of  determmation. 

IIL  SUMMARY  OF  RESTTLTS 

1.  No  difficulty  was  experienced  in  obtaining  alcohol  contain- 
ing only  one-tenth  of.i  per  cent  of  water  by  dehydrating  with 
lime.  The  dehydration  proceeded  more  rapidly  at  the  boiling 
temperature  of  the  alcohol.  The  bulk  of  the  impurities  other  than 
water  were  removed  by  the  rejection  of  the  first  and  last  tenths 
of  the  distillate  in  the  preliminary  distillation. 

2.  Chemical  methods  for  removing  the  last  traces  of  the  lower 
aldehydes  were  found  to  be  unsatisfactory.  This  was  accomplished 
by  the  method  of  Paul.^'    Results  indicated  that  minute  quan- 
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titles  of  aldehydes  are  produced  during  the  procedure  of  dehydra- 
tion and  distillation.  These  quantities  can  just  be  detected 
chemically  and  were  so  small  as  to  have  no  measurable  effect  on 
the  physical  constants  determined. 

3.  An  alcohol  was  obtained  which  on  a  further  dehydration  was 
not  lowered  in  density  and  on  distillation  gave  fractions  showing 
the  same  density  within  the  experimental  errors  of  the  determina- 
tion. Practically  the  same  density  value,  0.78506  at  25®,  was 
obtained  by  using  calcium  oxide  and  activated  aluminum,  and 
this  value  is  only  slightly  lower  than  the  results  of  the  more  care- 
ful previous  experimenters.  The  two  dehydrating  agents  men- 
tioned were  equally  satisfactory  in  removing  the  last  traces  of 
water.  Slightly  higher  density  values  were  obtained  when  cal- 
cium was  used. 

4.  By  a  repetition  of  Mendel^eff's  ^*  *"  procedure  used  in  dehy- 
drating alcohol  a  distillate  showing  about  the  same  density  value 
was  obtained.  The  various  fractions  of  the  distillate  showed 
greater  imiformity  in  density  than  in  his  work.  A  repetition  of 
the  work  of  Messrs.  Squibb  in  its  essential  details  failed  to  pro- 
duce alcohol  showing  the  same  low  density  values  obtained  by 
them. 

5.  Small  amounts  of  acetaldehyde  increased,  while  small 
amotmts  of  ether  decreased  the  density  of  ethyl  alcohol.  It  was 
shown  that  Squibb's  ^  low  density  values  can  not  be  ascribed 
to  the  presence  of  ethyl  ether. 

6.  In  substantiation  of  the  work  of  Crismer  *^  and  Andrews  **^ 
the  value  of  the  critical  solution  temperature  as  a  method  for 
detecting  small  amounts  of  water  in  alcohol  was  demonstrated 
and  shown  to  have  approximately  the  same  sensitiveness  as 
density  determinations  to  one  tmit  in  the  fifth  decimal  place. 


PART  2 

THERMAL  EXPANSION  OF  MIXTURES  OF  ETHYL 

ALCOHOL  AND  WATER 

By  N.  S.  Osboiiie 

Part  2  consists  of  the  determination  of  the  thermal  expansion 
between  lo®  C  and  40®  C  of  12  mixtures  of  alcohol  and  water,  and 
the  derivation  of  the  coefficients  for  calculating,  between  these 
limits  of  temperature,  the  density  of  any  mixture  of  alcohol  and 
water. 

IV.  DESCRIPTION  OF  EXPERIMENTAL  WORK 

1.  MBTHOD  OF  DETERMINATION  AND  GENERAL  DESCRIPTION  OF  APPA- 
RATUS 

'Shelve  mixtures  whose  thermal  expansions  were  investigated 
were  made  of  approximately  integral  percentages  for  conven- 
ience, and  the  concentrations  chosen  were  such  as  would  facilitate 
interpolation  of  results.  The  density  of  each  mixture  was  twice 
determined  at  each  of  the  following  temperatures:  10®,  15®,  20®, 
25®,  30®,  35®,  and  40®  C,  one  series  starting  with  the  lower  and  one 
with  the  higher  temperature.  The  density  determinations  were 
made  by  the  hydrostatic  weighing  method — ^that  is,  by  weighing 
in  the  liquid  a  sinker  of  known  mass  and  volume. 

The  arrangement  of  apparatus  is  shown  in  Figs.  5,  6,  7,  and  8. 
The  densimeter  tube  containing  the  liquid  under  investigation 
and  the  immersed  sinker  E  is  shown  in  Fig.  5.  A  special  cap  was 
used  for  closing  the  densimeter  tube  when  weighings  were  not 
being  made.  This  cap  consists  of  a  brass  cover  **  a, "  fitted  to  the 
tube  by  a  soft  rubber  bushing.  Through  the  center  of  the  cover 
is  a  hole,  which  may  be  closed  by  a  tightly  fitting  brass  plug.  To 
the  upper  and  lower  faces  of  this  plug  is  attached  the  suspension 
wire.  The  arrangement  is  shown  in  Fig.  5.  When  weighings  are 
in  progress,  the  suspension  is  as  shown  at  the  right,  access  of  the 
outer  air  being  only  through  the  hole  in  the  cap.    When  not 

77398^^13 — 4  371 


BuUetin  of  the  Bureau  of  Standards 


71c.  6  {om~fimrtk  sIm)  Fig.  8  (nw-cvM  jjn) 


Osborne]  Dcnstty  and  Expansion  of  Alcohol  373 

observing,  this  hole  is  closed  by  the  plug,  as  shown  at  the  left,  in 
order  to  avoid  tmnecessary  changes  in  concentration  of  the  liquid, 
caused  by  evaporation  of  the  alcohol  or  by  absorption  of  water 
vapor  from  the  air.  In  Figs.  6  and  7  the  densimeter  tube  H  is 
shown  fixed  in  place  in  the  inner  water  bath. 

The  water  in  the  inner  bath  is  kept  in  constant  circulation  by 
the  propeller  /.  This  bath  is  immersed  in  an  outer  bath  kept  in 
constant  circulation  by  means  of  a  motor-driven  turbine  N  placed 
outside  the  bath.  The  temperature  of  this  outer  bath  is  main- 
tained constant  or  changed  at  will  by  means  of  the  electric  heat- 
ing coil  O  surrounding  the  return  pipe  and  by  the  tubular  coil  P 
connected  with  the  refrigerating  brine  supply  maintained  at  a 
temperature  below  o®  C.  The  flow  of  brine  in  this  coil  is  adjusted 
by  means  of  a  valve,  not  shown.  The  flow  of  water  in  the  circu- 
lating apparatus  may,  by  means  of  the  special  valve  Q,  be  directed 
entirely  through  the  cooling  chamber,  directly  through  the  cir- 
culating turbine,  or  divided,  part  going  either  way  at  will,  thus 
regulating  the  quantity  of  heat  removed  from  the  system  by  the 
brine.  The  cooling  is  made  slightly  in  excess  of  the  heat  acquired 
from  the  sturounding  air  and  that  produced  by  the  circulation, 
the  balance  being  maintained  by  means  of  the  heating  coil. 

This  coil,  which  has  a  resistance  of  *  10  ohms,  is  made  of 
"advance"  ribbon,  wound  over  mica  on  the  brass  tube  through 
which  the  return  flow  takes  place.  It  is  used  both  for  regulation 
of  temperature  and  for  rapid  heating  when  changing  the  tempera- 
ture. For  regulation  it  is  connected  in  series  with  a  variable 
resistance  composed  of  a  sliding  contact  wire  rheostat  and  a 
bank  of  parallel  connected  lamps.  As  a  shunt  on  this  variable 
resistance  is  connected  another  lamp  bank  in  the  circuit  of  which 
is  a  relay  operated  by  the  thermo  regulator  R.  The  bulb  of  this 
thermo  regulator  is  the  tubular  copper  coil  5,  containing  about 
40  cc  of  xylol. 

A  rise  in  temperature  closes  an  electric  circuit,  the  relay  is  thus 
energized,  the  shunt  circuit  broken,  and  the  current  in  the  heat- 
ing coil  diminished.  When  the  temperature  falls  sufficiently,  this 
action  is  reversed.  The  sensibility  of  the  regulation  varies 
according  to  the  conditions.  Under  the  most  adverse  conditions 
the  regulating  energy  used  in  the  heating  coil  was  from  100  watts 
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to  140  watts  and  maintained  the  outer  bath  constant  within 
0^.05  C.  Under  the  best  conditions  the  energy  varied  from  10 
to  20  watts,  keeping  the  temperature  of  the  bath  constant  within 
0^.01  C.  The  periodic  variation  in  temperature  of  the  outer  bath 
was  in  either  case  far  too  rapid  to  produce  any  perceptible  change 
in  the  inner  bath.  For  rapid  heating  when  changing  the  tempera- 
ture in  the  ascending  series,  the  small  regulating  current  was 
replaced,  using  a  double-throw  switch,  by  a  heavy  current  supply- 
ing about  1 500  watts  in  the  heating  coil. 

The  outer  bath  as  first  arranged  is  shown  in  Pig.  7.  It  is  con- 
tained in  a  rectangular  tank  with  plate-glass  walls  and  brass 
bottom  and  top.  The  insulation  consisted  of  two  layers  of  heavy 
cardboard  with  cotton  between.  The  water  enters  at  T  and  leaves 
at  Uy  thus  insuring  complete  circulation.  Owing  to  the  repeated 
difficulty  on  account  of  leakage  of  the  joints,  this  tank  was  replaced 
by  a  double- walled  glass  cylindrical  vacuum  jacket  as  shown  in 
Pig.  8.  The  top  was  closed  by  a  brass  cap  cemented  to  the  glass. 
The  water  entered  by  two  tubes  extending  to  the  bottom  and  left 
by  two  tubes  at  the  top.  The  greatest  difficulty,  with  this  con- 
tainer for  the  outer  bath  was  the  distortion  of  the  image  of  the 
thermometers,  owing  to  the  cylindrical  surface.  This  was  reme- 
died by  cementing  a  plane  glass  plate  to  the  outside  stuf ace,  form- 
ing a  cell  which  when  filled  with  water  corrected  most  of  the  aberra- 
tion. To  exclude  radiation  the  cylinder  was  covered  with  nickel 
paper.  This  vacuum  jacket  was  used  principally  for  the  determi- 
nations of  density  of  the  mixtures  of  known  proportions  at  constant 
temperature  and  was  employed  for  the  thermal  expansion  of  only 
one  mixture,  5  III. 

The  temperatures  were  observed  on  two  merciuy  thermometers 
suspended  in  water  in  a  tube  placed  in  a  position  in  the  inner  bath 
symmetrical  to  that  of  the  densimeter  tube.  On  Pig.  8  only  the 
upper  part  of  this  tube  is  shown.  The  holders  for  the  thermome- 
ters permitted  their  rotation  and  also  allowed  either  of  the  two  to 
be  brought  into  position  for  reading.  They  were  read  by  means 
of  a  microscope  of  long  focus  which  could  be  moved  vertically  by 
means  of  a  rack  and  pinion. 

The  reason  for  placing  the  thermometers  in  a  tube  of  water 
instead  of  directly  in  contact  with  the  inner  batlj  was  to  minimize 
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the  error  from  temperature  lag  when  bringing  the  temperatm^  to 
constancy  before  observing.  The  containing  tube  was  slightly 
larger  and  thicker  walled  than  the  densimeter  tube ;  hence  when 
the  thermometers  indicated  a  constant  temperature  it  could  be 
assumed  that  the  liquid  in  the  densimeter  tube  was  at  the  same 
constant  temperature.  In  the  observations  for  thermal  expan- 
sion economy  of  time  did  not  permit  an  absolutely  constant  tem- 
perature to  be  attained,  but  the  observed  variation  dtuing  a 
density  observation  extending  over  about  six  minutes  never 
exceeded  0^.02  and,  with  but  few  exceptions,  was  always  rising. 
Thus  the  relative  error  due  to  lag  in  the  temperatures  of  the 
determinations  was  small,  probably  less  than  o^.oi  except  in  few 
instances,  and  may  be  regarded  as  accidental  and  eliminated  in 
the  adjusted  results.  Examinations  of  the  residuals  obtained 
justifies  this  assumption. 

2.  THBRMOMBTBRS  USED 

Five  thermometers  were  used  in  this  work;  they  are  described 

m  Table  XX. 

TABLE  XX 


Ther- 
tuJXo, 


4653 


2040 


264 


2499 


15938 


15940 


Mater 


Tomielot 


Rlchter. 


OC60I1. 


Baudlii. 


.do. 


Date  of 
manii- 
factnro 


1888 


1906 


1902 


1907 


1903 


1903 


Klndof  glaia 


Vorro  duRO . . 
Jena  16™.... 


do 

do 

Vttre  dniTO.. 


Range  of  icale 


-2\9  C  to  +40'.5  C. 


/-lto+l»C.., 
\+10to+31»C 


/-0.4to+0».4C.. 
1+31.5  to +44»C.. 


/-0.5to+0».5C 
\+9  to  +31».5  C. 


/+31.5to+32».5F. 
\+89.1  to  +115*.6  F 


/+31.5to+32.*5F. 
\+88.9  to  +115^8  F 


Length 
oil* 


6.3 

&0 
}  7.5 
I    7.2 


} 


} 


7.2 


Solid,  dear  atom 

/Indoaed,   white 
\  acale 

Do. 

Solid,  white  back 


{ 


Do. 


Do. 


All  the  thermometers  were  subdivided  in  tenth-degree  divisions. 

No.  4653  was  repaired  in  1909  and  the  bulb  reatmealed.  This 
thermometer  was  used  in  all  of  the  experimental  work  at  every 
temperatm-e.  Nos.  15938  and  15940  were  used  only  for  the  ther- 
mal expansion  of  5  III  at  35®  and  40®  C.  For  this  same  mixture 
No.  2499  was  used  at  10®,  15®,  20®,  25®,  and  30®  C.    For  the  ther- 
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mal  expansion  of  all  the  other  mixtures  No.  2040  was  used  at  10^, 
15®,  20®,  25®,  and  30®  C,  and  No.  264  was  used  at  35®  and  40®  C. 
Every  temperature  was  observed  on  two  thermometers,  one 
always  being  No.  4653. 

The  thermometers  were  calibrated  at  the  points  10®,  15®,  20^, 
25®,  30®,  35®,  and  40®  C  by  comparison  with  the  primary  mercu- 
rial standards  of  the  bureau.  In  the  use  of  the  thermometers 
their  ice  points  were  observed  after  the  determination  at  each 
temperature,  and  the  corrections  to  be  applied  to  the  observed 
temperature  were  deduced  from  the  ice  point  reading  and  the 
calibration  corrections.  The  corrected  temperatures  are  in  ac- 
cordance with  the  international  hydrogen  scale. 

3.  DBSCRIPTION  OF  SINKBR 

The  sinker  used  in  all  hydrostatic  weighings  in  this  article  is 
designated  No.  7.  It  is  made  of  Jena  16™  glass.  The  length 
over  all  is  33  cm;  the  outside  diameter  is  13  mm.  The  platinum 
hook  D,  weighing  0.5327  g,  while  not  permanently  sealed  to  the 
ring,  is  considered  as  a  part  of  the  sinker  as  regards  mass  and 
volume.  This  sinker,  which  is  ballasted  with  merctuy,  was  made 
in  May,  1908,  and  was  annealed  at  450®  C  before  sealing. 

The  mass  as  determined  at  intervals  dtuing  the  progress  of  the 
work  is  given  in  Table  XXI. 

TABLE  XXI 
Deteraiinations  of  Mass  of  Sinker  No.  7  ^ 

Observed  mass  (gnuns) 

October  aa,  1909 99. 9991 

Do 99-9991 

Do 99-  9990 

Do 99-  9990 

March  19,  1910 99-  9994 

Do 99-  9987 

Do 99-  9990 

Do 99-  9989 

Do 99-  99^3 

Do 99-  99^ 

June  16,  1910 99-  999^ 

Do 99-  9986 

Do 99-  9991 

Do 99-  9989 

Mean 99-9990 
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The  volume  pf  the  sinker  was  determined  by  weighing  in  dis- 
tilled water  from  which  the  air  had  been  removed.  Table  XXII 
gives  the  determinations  of  volume  made  previous  to  the  use  of 
sinker.  The  results  are  based  on  the  value  of  Chappuis  ""  for 
the  expansion  of  water,  using  99.9990  g  for  the  mass  of  the  sinker. 

TABLE  XXII 
Deteraiinations  of  Volume  and  Themial  Expansion  of  Sinker  No.  7 


Dtto 

ObMfved 

meantem- 

ponton 

ObMTVWl 

mMn 
volume 

RednctiQa  to  Intagnl 
tompof<tim 

CaleulrtMl 

ObMnra- 

tlMIS 

t 

y% 

1909 

Oct.  22 

3.93 
10.  247 
20.136 
30.080 
39.884 
4a  022 

ml 
47.6958 
47.7024 
47. 7131 
47.  7242 
47.7349 
47. 7355 

4 
10 
20 
30 
40 
40 
25 

ml 
47. 6957 
47.7019 
.47.  7128 
47.7239 
47.7348 
47. 7353 

ml 
47.6956 
47.  7020 
47.  7128 
47.7238 
47.  7350 
47.  7350 
47. 7183 

8 

Oct  21 

8 

Do 

8 

.   Do 

8 

Do 

8 

Oct  22 

8 

* 

CalcQ- 

latad 

Equation  for  calculation  of  volume  at  any  temperature: 

^^1  =  47.7 1 72 +  [1100. 1  •  (^-24) +0.9734  •  (/-24)']xior« 

The  volume  at  25®  C  was  again  determined  June  10,  1910,  and 
the  value  found  to  be  47.7186  ml.  For  determinations  of  density 
where  the  absolute  value  is  sought,  as  in  part  3  of  this  work,  the 
mean  value  for  this  period,  i.  e.,  47.71844  ml  at  25®  C  is  chosen. 

4.  BALANCE,  WEIGHTS,  AND  METHOD  OF  WEIOHmG 

The  balance  used  was  a  Rueprecht  analytical  balance  of  200  g 
capacity,  provided  with  special  mechanism  for  rapid  weighing 
and  with  the  outside  control  of  the  weights  of  less  than  i  g.  The 
sensibility  when  undamped  was  o.  1 6  mg  per  division.  The  weights 
from  500  mg  to  10  mg  were  the  special  weights  belonging  to  the 
balance.  The  other  weights  used  comprised  a  set  of  platinum- 
plated  brass  weights  from  200  g  to  i  g  designated  as  B.  S.  No.  5157. 

Previous  to  the  experimental  work  the  weights  were  carefully 
adjusted.  A  calibration  made  April,  1909,  showed  that  the  error 
of  any  possible  combination  did  not  exceed  +  0.08  mg. 
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A  retest  made  June,  1910,  after  the  completion  of  the  investi- 
gation showed  the  maximum  error  of  any  combination  to  be 
+  0.23  mg.  This  change  is  greater  than  was  anticipated,  yet  is 
sufficiently  small  to  be  disregarded. 

The  weighings  of  the  sinker  in  the  liquid  were  made  by  the 
method  of  substitution.  A  constant  counterpoise  was  kept  on 
the  left  pan  of  the  balance,  while  the  known  weights  were  applied 
on  the  right,  from  which  the  sinker  was  suspended.  Equilibrium 
was  first  obtained  with  the  immersed  sinker  attached,  then  the 
sinker  was  detached  and  left  resting  on  the  bottom  of  the  tube 
while  equilibritun  was  again  obtained  with  the  suspending  hook 
alone.  The  difference  in  the  weights  required  to  secure  equili- 
brium is  the  apparent  weight  of  the  sinker  in  the  liquid. 

The  suspension  wire  where  it  passed  through  the  surface  of  the 
liquid  was  of  platintun  0.3  mm  in  diameter.  It  was  covered  with 
a  layer  of  dull  gold  by  electrodeposition  in  order  to  instue  wetting 
with  the  liquid,  and  thus  avoid  the  sticking  otherwise  produced. 
With  the  wire  thus  prepared,  weighings  could  be  made  to  o.i  mg 
when  the  sinker  was  not  attached  and  to  about  0.3  mg  with  the 
sinker  attached.  Since  the  accidental  error  of  weighing  is  sub- 
ject to  elimination  in  the  final  reduction,  weighings  to  0.5  mg 
'were  accepted  as  being  comparable  with  the  precision  in  other 
elements  of  the  work. 

All  weighings  were  reduced  to  vacuo  by  means  of  a  buoyancy 
balance,  which  was  devised  for  obtaining  the  buoyancy  correction 
to  weighings  of  water  for  volumetric  determinations.  This  appa- 
ratus consists  of  a  hollow  bulb  of  glass  having  an  external  voltune 
of  900  cc,  suspended  from  one  arm  of  a  balance  and  counterpoised 
by  a  brass  weight  of  equal  mass.  The  weight  of  air  equal  in  vol- 
ume to  the  difference  in  voliune  of  these  two  objects  is  indicated 
by  the  weights  required  on  the  bulb  side  to  seciu-e  a  balance.  The 
difference  in  volume  is  881.3  cc;  thus  the  buoyancy  on  i  liter  of 
water  weighed  with  brass  weights  is  obtained  directly.  The  air 
density  is  obtained  by  multiplying  this  observed  "  buoyancy  con- 
stant "  by  r^ — .  The  bulb  is  suspended  in  a  glass  case  to  protect 
00 1. 3 

it  from  disttubing  air  currents.    Correction  is  made  for  difference 
in  temperature  between  this  case  and  the  balance  where  the 
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determinatioiis  are  made.    The  density  of  the  weights  for  the 
purpose  of  correcting  for  displaced  air  is  assumed  to  be  8.4. 

5.  MATERIAL  USED 

The  water  used  in  the  preparation  of  the  mixtures  investigated 
was  twice  distilled,  the  second  distillation  being  from  alkaline 
potassitim  permanganate.  The  three  samples  of  alcohol  used 
were  all  prepared  from  sample  A,  previously  described.  The 
densities  at  ,C  and  corresponding  percentages  of  alcohol  are 
given  below : 


Stmpto 

D??C 

Pw  c«nl  alcoliol  bf  wdfht 

h 

I. 

0.78529 
,78533 
.78507 

99.93 

99.91 

100.00 

Tests  made  by  the  chemical  division  of  the  bureau  failed  to  show 
the  presence  of  unpurities  other  than  water  in  sufficient  amounts 
to  aflfect  the  density  appreciably,  and  it  may  be  safely  assumed 
that  the  eflfect  on  the  thermal  expansion  of  these  last  traces  of 
impurities  is  less  than  the  experimental  error  of  the  determinations. 

6.  ARRANGEMENT  OF  EXPERIMENTAL  WORK 

In  order  to  make  the  final  results  of  the  determination  of  the 
thermal  expansion  as  free  as  possible  from  the  effects  of  pro- 
gressive changes  in  density  that  are  not  directly  attributable  to 
changes  in  temperature,  the  observations  were  arranged  in  two 
series,  with  the  order  of  the  temperatures  reversed,  the  tempera- 
tures of  density  determinations  being  as  follows: 


First  series 

10 

15 

20 

25 

30 

35 

40 

Second  series 

40 

ds 

30 

25 

20 

15 

10 

In  each  series  the  observations  were  distributed  at  approxi- 
mately equal  time  intervals.  Each  series  required  a  day  for  com- 
pletion. 

By  employing  this  isochronously  symmetrical  arrangement  of 
observations  and  by  taking  the  mean  of  the  two  series  disturbing 
causes  which  are  linear  functions  of  time  are  practically  eliminated. 
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The  principal  disturbing  causes  which  were  anticipated  were 
evaporation  of  alcohol  and  absorption  of  air  and  moisture. 

Notwithstanding  the  precautions  for  the  exclusion  of  atmos^ 
pheric  moisture  and  prevention  of  evaporation  from  the  densi- 
meter tube  when  not  actually  observing,  the  change  in  concentra- 
tion due  to  these  causes  was  found  to  be  appreciable  in  most  of 
the  mixttues.  Owing  to  the  lower  vapor  pressure  of  alcohol  the 
vapor  usually  is  of  higher  concentration  than  the  mixture  which 
yields  it,  and  thus  a  progressive  dilution  of  the  mixture  is  pro- 
duced in  most  cases.  That  this  dilution  is  tmiformly  distributed 
throughout  the  mixttu-e  is  tmlikely.  There  is  besides,  with  some 
of  the  mixtures,  condensation  of  the  vapor  in  the  top  of  the  tube 
and  on  the  suspension,  which  tends  to  run  back  into  the  upper 
layers  of  the  liquid.  This  may  account  for  the  fact  that  in  the 
90  per  cent  mixture  there  appeared  to  be  between  the  series  an 
increase  in  concentration.  The  increase  in  the  concentration  of 
the  ID  per  cent  mixture,  however,  was  artificial,  being  caused  by 
the  intentional  addition  of  alcohol  to  compensate  for  evaporation. 

It  was  found  that  unless  dissolved  air  was  extracted  from  the 
mixtures  there  was  danger  of  air  being  expelled  from  the  liquid  at 
the  higher  temperatures  and  attaching  to  the  sinker  as  bubbles, 
preventing  a  successful  series  of  observations.  Hence,  before  the 
determination  for  any  mixture,  and  in  some  cases  between  the  two 
series  of  observations,  the  mixttue  was  evacuated  to  low  pressure 
to  remove  a  sufScient  amount  of  the  dissolved  air  to  prevent  this 
difficulty.  During  the  series  air  was  doubtless  reabsorbed  and  at 
an  tmknown  rate,  but  determinations  made  elsewhere  of  the  effect 
of  dissolved  air  on  the  density  of  various  mixtures  at  25®  C  showed 
the  total  effect  at  that  temperature  to  be  so  small  that  any  large 
variable  effect  at  the  temperatures  employed  and  in  the  time 
allowed  would  be  improbable. 

Examination  of  the  experimental  results  shows  that  the  altera- 
tion in  concentration  of  the  mixtures  was  usually  less  for  the 
higher  than  for  the  lower  per  cents  of  alcohol.  It  is  also  seen  that 
between  the  first  and  second  series  of  observations  on  several  of 
the  mixtures  a  considerable  change  occtured.  This  can  be 
attributed  to  the  evacuation  of  the  mixture  previous  to  the  second 
series  to  remove  air  by  which  alcohol  vapor  was  also  removed. 
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The  manner  of  observing  was  as  follows :  With  the  liquid  to  be 
investigated  in  the  tube,  the  sinker  immersed,  the  cap  on  and 
closed  by  the  suspension  plug,  and  the  tube  in  place  in  the  control 
bath,  the  temperature  was  brought  to  the  initial  temperature  of 
the  series.  The  brine  flow,  the  by-pass  in  the  circulating  appa- 
ratus, the  thermoregulator,  and  the  electric  energy  supply  were 
successively  adjusted  to  maintain  the  desired  constant  tempera- 
ture. Sufficient  time  was  allowed  for  the  inner  bath  to  acquire  a 
constant  or  very  slowly  rising  temperature.  The  sinker  was  then 
suspended  from  the  balance  and  weighed.  The  thermometers 
were  both  read.  The  sinker  was  detached  and  the  suspension 
weighed.  The  sinker  was  again  suspended  and  weighed  and  the 
thermometers  again  read.  At  the  conclusion  of  this  set  of  obser- 
vations the  top  of  the  densimeter  tube  was  closed  by  the  suspension 
plug  and  the  temperature  changed  to  the  next  one  of  the  series  as 
rapidly  as  the  capacity  of  the  heating  coil  or  of  the  cooling  coil 
would  per^nit.  While  this  temperature  change  was  taking  place 
the  ice  points  of  the  thermometers  were  read  and  the  buoyancy 
constant  observed.  The  temperature  control  was  readjusted  for 
constant  regulation  at  the  new  temperature  and  observations  for 
density  and  temperature  were  again  made.  This  procedure  was 
repeated  tmtil  the  series  was  complete. 

V.  EXPERIMENTAL  RESULTS 
1.  CALCULATION  OF  RESULTS 

The  total  correction  to  the  thermometer  at  the  temperature  of 
the  determination  was  obtained  by  use  of  the  observed  ice  points 
and  the  calibration  corrections.  Each  observed  temperature  was 
corrected  and  the  mean  of  the  set  of  four  taken  as  the  temperature 
of  the  determination. 

The  apparent  weight  of  the  sinker  in  the  liquid  is  given  by  the 
difference  between  the  balance  readings  with  sinker  on  and  with 
sinker  off.  The  mean  of  the  two  values  of  the  apparent  weight  of 
sinker  thus  obtained  is  corrected  by  subtracting  the  weight  of  air 
displaced  by  the  weights.  To  obtain  this  correction  the  volume 
of  the  weights  (assuming  their  density  to  be  8.4)  is  multiplied  by 
the  observed  air  density.  The  application  of  this  correction  gives 
the  true  weight  of  the  sinker  in  the  liquid.    The  difference  between 
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the  weight  of  the  sinker  in  the  liquid  and  its  weight  in  vacuo  gives 
the  weight  of  the  liquid  displaced  by  the  sinker.  This  weight 
divided  by  the  volume  of  the  sinker  at  the  temperature  of  the 
determination  gives  the  density  of  the  liquid  at  that  temperature 
in  grams  per  milliliter. 

The  calctdation  of  the  density  of  the  liquid  as  described  above 
may  be  expressed  by  the  following  equation: 

Where  Dt  —  density  of  sample  at  temperature  f 
4 

5  — mass  of  sinker 

Vt  —  volume  of  sinker  at  the  temperattu^  t 

t  —  temperature  of  determination 

H^„  JV,  =-  balance  readings  with  sinker  on 

w — balance  readings  with  sinker  off 

/o  — air  density 

2.  COPT  OP  ORIOmAL  DATA 

A  copy  of  the  record  showing  the  observations  comprising  the 
two  series  of  determinations  for  a  single  mixture  is  given  in  Table 
XXIII  (pp.  382-383) .  This  table  illustrates  the  arrangement  of 
the  experimental  work  and  also  the  calculation  of  results  as 
described  above. 
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3.  REDUCTION  Ain>  ADJUSTMENT  OP  RESULTS 

From  the  observations  and  calculations  as  described  and  illus- 
trated above  are  obtained  the  experimental  results  given  in 
Tables  XXIV  to  XXXV,  comprising  for  each  mixture  a  double 
series  of  density  determinations  together  with  the  corresponding 
temperatures.  These  temperatures  are  all  very  close  to  the 
integral  temperatures  intended.  For.  the  ptupose  of  simplifying 
the  adjustment  of  results  the  determined  densities  are  reduced  to 
the  values  corresponding  to  the  integral  temperatures.  Com- 
parison between  the  densities  thus  reduced  shows  the  permanent 
change  occmring  in  the  liquid  during  the  progress  of  the  determi- 
nation not  directly  attributable  to  the  change  in  temperature. 
This  permanent  change  which,  is  caused  by  the  evaporation  of 
alcohol  and  by  the  abosrption  of  moisture  may  be  regarded  as  a 
linear  ftmction  of  the  position  of  the  determination  in  the  series, 
since  the  different  groups  of  observations  in  a  series  occupy 
approximately  the  same  time  and  are  separated  by  equal  intervals 
of  time.  The  total  permanent  change  occurring  between  any 
determination  of  the  fitst  series  and  the  corresponding  one  of  the 
second  is  represented  by  the  equation: 

J  =  a  +  b  (7-n) 

where  n  is  the  niunber  of  the  determination  in  the  first  series,  a  is 
the  change  occurring  between  the  first  and  second  series — that  is, 
between  the  seventh  and  eighth  determinations— and  may  include 
changes  from  any  intentional  or  accidental  cause,  b  depends  on  the 
rate  of  change  during  the  progress  of  a  single  series  and  is  asstuned 
to  be  the  same  in  the  two  series.  By  a  least  square  adjustment  of 
the  observed  apparent  permanent  change  in  density  between  the 
series,  the  constants  a  and  b  are  determined.  The  adjusted  value 
of  ^  is  then  calculated  by  these  coefficients,  and  each  determined 
density  corrected  by  one-half  the  corresponding  adjusted  -J  with 
the  appropriate  sign. 

It  is  evident  that  the  final  value  of  the  density  at  each  tempera- 
ture will  be  the  same  whether  the  mean  be  taken  of  the  two 
determinations  at  that  temperature  or  whether  these  determina- 
tions be  first  adjusted,  as  indicated  above,  to  correct  for  the  pro- 
gressive change  of  density  due  to  evaporation  of  alcohol  and 
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absorption  of  water  vapor.  This  adjustment ,  however,  is  desirable 
in  order  that  a  check  may  be  had  upon  the  agreement  of  the  two 
determinations  when  all  explainable  di£Ferences  have  been  taken 
into  account.  This  agreement  is  an  indication  of  the  magnitude 
of  the  accidental  errors  of  the  individual  determinations. 

The  observed  densities  thus  adjusted  to  values  corresponding  to 
the  mean  concentration  of  the  mixture  are  further  adjusted  on  the 
assumption  that  the  equation 

represents  the  change  in  density  depending  on  the  change  in 
temperature  alone.    By  the  method  of  least  squares,  D^,a,  fi,  7 

are  determined.  The  adjusted  value  of  D-  is  then  calculated.  In 
the  values  of  observed  IH  minus  calculated  D-  will  be  combined 

the  accidental  experimental  errors  as  well  as  errors  due  to  the 
assumed  form  of  ftmctions  in  the  least  sqttare  adjustments  of  the 
observations.  It  appears  from  examination  of  these  residuals  that 
the  assumptions  made  are  in  accordance  with  the  experimental 
data,  tmless  these  errors  are  systematically  compensated,  as  the 
residuals  are  se^  to  be  within  the  limits  of  accidental  error. 
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4.  r£sum£  of  results 

By  reduction  and  adjustment  of  experimental  results  there  is 
derived  for  each  mixtiu-e  of  alcohol  and  water  investigated  an 
equation  for  thermal  expansion  of  the  form: 

I>|-Z?T+«(^-25)+/S(^-25)»+7(^-25)» 

Dj  and  the  coefficients  or,  /S,  7,  having  been  determined  from  the 
experimental  data. 

The  constant  Z?j  for  each  mixture  represents  the  mean  density 
at  25®  in  terms  of  the  density  of  water  at  4°  as  the  imit  and  is 
used  for  obtaining  the  mean  concentration  of  the  mixture  used. 
A  table  showing  the  relation  between  density  at  25^  and  concen- 
tration is  given  on  page  424. 

The  assembled  results  of  the  experimental  work  on  thermal 
expansion  of  alcohol-water  mixtures  are  given  in  Table  XXXVI. 
Included  in  this  table  are  the  corresponding  coefficients  for  water 
calculated  from  the  experimental  work  of  Chappuis  "**  using  the 
densities  at  10,  15,  20,  25,  30,  35,  40®  C,  upon  which  the  present 
work  is  based.  The  coefficients  a,  /S,  7,  are  shown  graphically  as 
functions  of  the  per  cent  of  alcohol  in  Fig.  9. 

Interpolated  values  of  or,  /S,  7  obtained  by  the  graphical  method 
are  given  for  each  integral  per  cent  of  alcohol  in  Table  XXXVIIa. 
The  interpolation  is  carried  to  the  niunber  of  figures  shown  for 
the  purpose  of  avoiding  arithmetic  errors  in  the  calculation  of 
the  final  density  Table  XLIX  in  part  3.  They  should  not  be 
assumed  correct  to  the  last  figiu-e  given.  Furthermore,  they  can 
not  be  assumed  as  true  except  for  the  range  of  temperature  used 
in  their  determination — ^viz,  10^  C  to  40^  C. 

In  Table  XXXVII6  are  given  the  coefficients  .4,  B,  C  in  the 
equation  for  thermal  expansion  of  the  form : 

F/  =  F25[i-hA(^-25)-hB(^-25)»+Ca-25)T 

these  coefficients  having  been  calculated  for  each  integral  per  cent 
of  alcohol  from  the  corresponding  coefficients  a,  3,  7,  given  in 
Table  XXXVIIa. 
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Thermal  Expansion  of  Alcohol -Water  Mixtures.     Assembled  Experi- 
mental Results 

Equation:   Z>^  =  Z>f 4-a(t-2S)H-i9(t-2S)»  +  Kt-25)».    Temperature 

range:  10^  C  to  40''  C 


rX10»« 


RESULTS  FOR  WATER  ACCORDING  TO  CHAPPUIS'S  DATA 


RESULTS  OF  PRESENT  INVESTIGATION 


4.907 

0.988317 

-2684 

-502 

+311 

9.984 

.980461 

-3119 

-484 

+258 

19.122 

.967648 

-4526 

-393 

+180 

22.918 

.962133 

-5224 

-331 

+100 

30.086 

.950529 

-6431 

-226 

+  47 

39.988 

.931507 

-7488 

-145 

-    4 

49.961 

.909937 

-8033 

-128 

-  24 

59.976 

.887051 

-8358 

-121 

-  24 

70. 012 

.  IXMOcXI 

-8581 

-117 

-    9 

8a036 

.839031 

-8714 

-108 

-  69 

90.037 

.  813516 

-8746 

-  93 

-  51 

99.913 

.785337 

-8593 

-  57 

-  62 
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TABLE  XXXVna.— Interpolated  values  of  a.  fi,  r*  between  lO^C  to  40C.. 

in  tbe  equation: 

D|  =  D?  +  a(t-2S)+^(t-25)»  +  r(t-2S)» 


Perctal 

1 

Pot  CMit 

alctk*! 

«X10^ 

^XIO* 

rxio* 

•lctk*l 

•XIC 

^X10» 

rXio» 

by  woi^t 

Ksrw^Hkt 

0 

-2565 

-484 

+31.9 

50 

-8035 

-128 

-2 

1 

-2574 

-490 

+32 

51 

-8074 

-127 

-3 

2 

-2591 

-496 

+32 

52 

-8111 

-126 

-3 

3 

-2613 

-499 

+31 

53 

-8147 

-126 

-3 

4 

-2646 

-501 

+31 

54 

-8181 

-125 

-3 

5 

-2689 

-50f 

+30 

55 

-8212 

-124 

-3 

6 

-2745 

-50\ 

+30 

56 

-8244 

-124 

-3 

7 

-2816 

-4«< 

+29 

57 

-8274 

-123 

-4 

8 

-2901 

-495 

+29 

58 

-8302 

-122 

-4 

9 

-3003 

-490 

+28 

59 

-8)30 

-122 

-4 

10 

-$ltl 

-484 

+^7 

60 

-8359 

-121 

-4 

11 

-12M 

-476 

+26 

61 

-8384 

-121 

-4 

12 

-3374 

-469 

+25 

62 

-8410 

-120 

-4 

13 

-3513 

-460 

+24 

63 

-8435 

-120 

-4 

14 

-3662 

-452 

+23 

64 

-8459 

-120 

-4 

15 

-3817 

-442 

+22 

65 

-8482 

-119 

-4 

16 

-3978 

-432 

+20 

66 

-8503 

-119 

-4 

17 

-4146 

-420 

+19 

67 

-8524 

-119 

-4 

18 

-4322 

-408 

+18 

68 

-8544 

-118 

-4 

19 

-4504 

-^.95 

+/tf 

69 

-8564 

-117 

-4 

20 

-4686 

-380 

+14 

70 

-8581 

-117 

-5 

21 

-4870 

-363 

+  13 

71 

-8599 

-116 

-5 

22 

-5055 

-346 

+  11 

72 

-8614 

-116 

-5 

23 

-5239 

-SS9 

+/0 

73 

-8629 

-115 

-5 

24 

-5419 

-313 

+  9 

74 

-8643 

-114 

-5 

25 

-5601 

-298 

+  8 

75 

-8657 

-113 

-5 

26 

-5778 

-282 

+  7 

76 

-8669 

-112 

-5 

27 

-5951 

-268 

+  6 

77 

-8681 

-111 

-5 

28 

-6114 

-253 

+  6 

78 

-8692 

-110 

-5 

29 

-6271 

-240 

+  5 

79 

-8703 

-109 

-5 

30 

-6419 

-227 

+  4 

80 

-8714 

-108 

-5 

31 

-6554 

-215 

+  4 

81 

-8723 

-107 

-5 

32 

-6685 

-204 

+  3 

82 

-8731 

-106 

-5 

33 

-6810 

-194 

+  3 

83 

-8739 

-105 

-5 

34 

-6929 

-185 

+  2 

84 

-8745 

-104 

-5 

35 

-7040 

-176 

+  2 

85 

-8751 

-102 

-5 

36 

-7144 

-168 

+  1 

86 

-8753 

-101 

-5 

37 

-7239 

-161 

+  1 

87 

-8754 

-  99 

-5 

38 

-7330 

-155 

+  1 

88 

-8753 

-  97 

-5 

39 

-7413 

-150 

0 

89 

-8751 

-  95 

-5 

40 

-7489 

-145 

0 

90 

-8746 

-  93 

-5 

41 

-7561 

-141 

0 

91 

-8738 

-  90 

-5 

42 

-7627 

-138 

-  1 

92 

-8728 

-  88 

-5 

43 

-7689 

-136 

-  1 

93 

-8715 

-  84 

-5 

44 

-7748 

-134 

-  1 

94 

-8700 

-  81 

-5 

45 

-7802 

-133 

-  1 

95 

-8685 

-  78 

-5 

46 

-7855 

-132 

-  2 

96 

-8668 

-  74 

-5 

47 

-7903 

-131 

-  2 

97 

-8650 

-  70 

-5 

48 

-7950 

-130 

-  2 

98 

-8632 

-  66 

-5 

49 

-7993 

-129 

-  2 

99 

-8613 

-  61 

-5 

50 

-8035 

-128 

-  t 

100 

-8591 

-  56 

-5 
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TABLE  XXXVnb.— Values  of  A,  B,  C,  between  10°C  to  40°C.  m  the 

equation : 

Vt=VJl+A(t-25)+B(t-25)»  +  C(t-25)»] 


Psr  cont 

Percent 

akobol 

AX10« 

BX10» 

cxio* 

•Iceliol 

AX10« 

BXIO^ 

cxio* 

bsr  weight 

bf  weight 

0 

+257.2 

+49.2 

-2.9 

50 

+  883.1 

+21.9 

+0.6 

1 

+259 

+50 

-3 

51 

+  890 

+22 

+1 

2 

+261 

+51 

-3 

52 

+  896 

+22 

+1 

3 

+264 

+51 

-3 

53 

+  902 

+22 

+1 

4 

+267 

+51 

-3 

54 

+  908 

+22 

+1 

5 

+272.1 

+51.5 

-2.7 

55 

+  914 

+22 

+1 

6 

+278 

+52 

-3 

56 

+  4>20 

+22 

+1 

7 

+286 

+51 

-3 

57 

+  926 

+22 

+1 

8 

+295 

+51 

-3 

58 

+  931 

+22 

+1 

9 

+306 

+51 

-2 

59 

+  937 

+22 

+1 

10 

+318.3 

+50.4 

-2.4 

60 

+  942.4 

+22.5 

+0.7 

11 

+331 

+50 

-2 

61 

+  948 

+23 

+1 

12 

+345 

+49 

-2 

62 

+  953 

+23 

+1 

13 

+360 

+48 

-2 

63 

+  958 

+23 

+1 

14 

+376 

+48 

-2 

64 

+  964 

+23 

+  1 

15 

+392 

+47 

-2 

65 

+  969 

+23 

+  1 

16 

+409 

+46 

-2 

66 

+  974 

+23 

+1 

17 

+427 

+45 

-2 

67 

+  979 

+23 

+  1 

18 

+446 

+44 

— 1 

68 

+  984 

+23 

+  1 

19 

+465.4 

+43.0 

-1.2 

69 

+  989 

+23 

+  1 

20 

+485 

+42 

—  1 

70 

+  993.9 

+23.4 

+0.9 

21 

+505 

+40 

—  1 

71 

+  999 

+24 

+  1 

22 

+525 

+39 

—  1 

72 

+1003 

+24 

+  1 

23 

+544.6 

+37.2 

-0.6 

73 

+1008 

+24 

+  1 

24 

+564 

+36 

0 

74 

+1012 

+24 

+  1 

25 

+584 

+34 

0 

75 

+1017 

+24 

+  1 

26 

+604 

+33 

0 

76 

+1021 

+24 

+  1 

27 

+623 

+32 

0 

77 

+1026 

+24 

+  1 

28 

+641 

+31 

0 

78 

+1030 

+24 

+  1 

29 

+658 

+30 

0 

79 

+1034 

+24 

+  1 

30 

+675.2 

+28.5 

-0.1 

80 

+1038.5 

+23.7 

+0.9 

31 

+691 

+27 

0 

81 

+1043 

+24 

+1 

32 

+706 

+26 

0 

82 

+1047 

+24 

+  1 

33 

+720 

+26 

0 

83 

+1051 

+24 

+  1 

34 

+734 

+25 

0 

84 

+1055 

+24 

+  1 

35 

+748 

+24 

0 

85 

+1059 

+24 

+  1 

36 

+760 

+24 

0 

86 

+1062 

+23 

+  1 

37 

+772 

+23 

0 

87 

+1066 

+23 

+  1 

38 

+784 

+23 

0 

88 

+1069 

+23 

+  1 

39 

+794 

+22 

0 

89 

+1072 

+23 

+  1 

40 

+804.0 

+22.0 

+0.3 

90 

+1074.9 

+23.0 

+0.9 

41 

+814 

+22 

0 

91 

+1078 

+23 

+  1 

42 

+822 

+22 

0 

92 

+1080 

+23 

+  1 

43 

+831 

+22 

0 

93 

+1082 

+22 

+  1 

44 

+839 

+22 

0 

94 

+1084 

+22 

+  1 

45 

+847 

+22 

0 

95 

+1086 

+22 

+1 

46 

+855 

+22 

0 

96 

+1068 

+21 

+1 

47 

+862 

+22 

0 

97 

+1089 

+21 

+1 

48 

+870 

+22 

0 

96 

+1091 

+20 

+  1 

49 

+876 

+22 

0 

99 

+1093 

+20 

+  1 

50 

+883.1 

+21.9 

+0.5 

100 

+1094.3 

+19.1 

+0.8 

77398**— 13 — 6 


PART  3 

DENSITY  OF  ETHYL  ALCOHOL  AND  OF  ItS  MIXTURES 

-WITH  WATER 

By  N.  S.  Orixxne 

Part  3  consists  of  the  determination  of  the  density  at  a  single 
temperature,  25®  C,  of  pure  ethyl  alcohol  and  of  various  mixtures 
of  alcohol  and  water  in  accurately  determined  proportions  and 
the  derivation  of  alcoholometric  tables. 

VI.  DESCRIPTION    OF    APPARATUS    AIXD    EXPERIMENTAL 

WORK 

The  fundamental  determinations  of  the  density  of  ptwe  alcohol 
were  made  simultaneously  with  its  preparation,  as  previously 
described.  The  compounding  of  the  mixtm'es,  using  portions  of 
the  same  ptuified  material,  and  the  determination  of  their  densi- 
ties followed  these  fundamental  determinations. 

The  density  determinations  were  made  partly  by  the  method 
of  hydrostatic  weighing,  described  in  Part  2  of  this  paper  (p.  371), 
and  partly  by  the  use  of  specially  constructed  picnometers.  By 
the  use  of  these  picnometers  the  effect  of  dissolved  air  upon  the 
density  of  alcohol  and  of  its  mixttues  was  investigated  to  ascer- 
tain its  significance  in  alcoholometry. 

1.  THE  PICNOMSTBRS 

Three  picnometers,  specially  designed  for  the  purpose  on  the 
principle  of  the  Ostwald-Sprengel  type,  were  used.  In  the  con- 
struction of  these  picnometers  the  elements  desired  were  as 
follows: 

(a)  A  form  adapted  to  the  rapid  attainment  of  the  constant 
temperature  of  a  surrounding  water  bath. 

(6)  Means  of  filling  with  minimum  contact  of  liquid  with  air. 

(c)  Protection  after  filling  from  change  of  weight  by  evapora- 
tion or  absorption  of  moisture ;  and 

(d)  Precision  of  filling. 
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The  form  of  the  picnometers  is  illustrated  in  Figs.  lo  and  ii. 
They  were  all  made  of  Jena  i6™  glass  and  thoroughly  annealed. 
They  are  adapted  to  immersion  in  the  constant  temperature  bath 

already  described.    One  of  the  picnometers  (No. 
'  274,  Fig.  11)  was  of  the  Rudolphi***  form,  con- 

sisting of  a  hollow  cylinder,  which  permits  a  rapid 
'  attainment  of  temperature  but  at  expense  of  total 

volume.    The  others  (Nos.  275  and  276,  Fig.  11) 
were  of  the  plain  cylindrical  form. 
■T_^^    The  cap  with  stopcock  attached, 
j|       ^^    as  shown  in  Fig.  11,  is  used  to 

control  the  internal  presstwe  when 
filling  the  picnometer.  The  bulb 
containing  the  liquid  to  be  inves- 
tigated is  joined  to  the  picnom- 
eter by  the  ground  joint  6.  By 
proper  manipulation,  such  as  in- 
clining the  picnometer  at  a  suit- 
able angle  and  properly  varying 
the  air  pressure,  liquid  is  intro- 
duced into  the  picnometer.  With 
the  picnometer  in  position  in  the 
water  bath,  leaving  only  the  up- 
per portions  of  the  capillaries 
emergent,  the  adjustment  of  the 
quantity  of  liquid  is  approximated  as  the 
temperature  approaches  constancy.  Liquid 
may  be  introduced  if  necessary  by  means 
of  a  pipette  placed  with  its  tip  to  the  aper- 
ture of  the  capillary  with  proper  adjustment 
of  pressiu-e  through  the  tube  c.  Small  quanti- 
ties may  be  removed  by  means  of  a  strip  of 
filter  paper  applied  at  the  tip  of  the  capillary. 
Enough  liquid  is  removed  to  bring  the  menis- 
cus just  to  the  line  e  on  the  other  capillary. 
The  inside  of  the  enlargement  d  of  the  tube  is 
dried,  either  by  means  of  filter  paper  or  by  a  stream  of  dry  air. 
The  picnometer  itself  serves  as  a  sensitive  thermo-indicator, 
and  imtil  the  temperatm^  becomes  constant  the  final  adjustment 


Fig.  11  (one-fbortli 
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of  the  quantity  of  liquid  can  not  be  made.  When  the  tempera- 
ture appears  steady,  5  or  10  minutes  more  are  allowed  as  margin 
of  safety,  and  the  filling  is  then  completed.  The  picnometer  is 
closed  to  prevent  evaporation  or  absorption  of  moisture  by  means 
of  the  cap  /,  shown  in  the  illustration. 
The  constants  of  these  picnometers  are  given  in  Table  XXXVIII. 

TABLE  XXXVm 
Constants  of  Picnometers 


Bxtenud  volume  at  25*  C 

Mass 

intetoal  fohune  al  25*  C 

274 
275 
276. 

ml 
92.865 
124.56 
123.33 

103.*1393 
75.8659 
74.4672 

ml 
46.1329 
87.4046 
86. 0145 

For  the  determinations  of  the  volumes  of  these  picnometers 

the  density  of  water  at  -^  C  according  to  Chappuis  ""  (0.997077) 

4 
was  used. 

2.  EFFECT  OF  DISSOLVED  AIR 

The  effect  upon  the  density  of  absolute  alcohol  caused  by  dis- 
solved air  was  first  determined  by  the  method  of  hydrostatic 
weighing.  The  density  of  the  alcohol  was  observed  after  long 
contact  with  dry  air.  The  sample  in  the  tube  was  then  evacuated 
imtil  no  more  bubbles  were  evolved.  The  density  was  then  rede- 
termined. Dry  air  was  then  passed  into  the  bottom  of  the  tube 
and  bubbled  through  the  alcohol  and  the  density  again  determined. 
This  was  repeated  on  a  second  sample  of  alcohol.  The  results  are 
shown  m  Table  XXXIX. 

TABLE  XXXIX 
Effect  of  Dissolved  Air  on  Density  of  Alcohol 

SAMPLE  OF  FRACTION   NO.  3  I 


Orifiiial  density  at  ^  C 

25* 

Density  at —^  C  alter  evacuating 

25» 
Density  at  -.-  C  after  pasaing  in 

air 

0.785094 

0.785160 

0.785134 

FRACTION   NO.  5   I 


0.785041 


0.785102 


0.785061 


n 
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Upon  again  saturating  the  alcohol  with  air  the  density  did  not 
return  quite  to  its  original  value.*  This  may  be  due  to  absorption 
of  moistiu^.  The  above  results  indicate  clearly  that  absorbed 
air  decreases  the  density  of  absolute  alcohol  very  appreciably. 
This  is  contrary  to  the  experimental  result  obtained  by  Mende- 
l^eflf,*^,  '**  who,  by  taking  air-free  alcohol  and  shaking  it  with 
supposedly  dry  air,  observed  an  increase  in  the  density. 

The  above  preliminary  experiments  were  repeated,  using  the 
picnometers  for  determining  the  densities.  In  the  method  of 
hydrostatic  weighing  the  alcohol  was  in  contact  with  the  air 
while  the  determination  was  being  made,  thus  leaving  doubt  as 
to  the  completeness  of  the  observed  effect.  Hence  it  was  anti- 
cipated that  more  consistent  and  uniform  results  would  be  pos- 
sible with  the  picnometer.    The  results  are  shown  in  Table  XL. 

TABLE  XL 
Effect  of  Dissolved  Air  on  Density  of  Alcohol 

SAMPLE  OF  ABSOLUTE  ALCOHOL  IN   PICNOMETER  NO.   274 


Alter  eracuating  io  remoTe  air. 
After  shaking  with  drj  air 


.25* 


Change  IndMisity 


0.785120 
.785055 


] 


0.000065 


SAMPLE   NO.  5   I 


Original  tample 

After  eTacuanng 

After  shaking  with  drj  air 

After  shaking  again  inth  drj  air. 

After  reeTacuating 

After  shaking  %pm  with  drj  air. 
After  reevacuatintf 


Mean  change. 


0.785080 
.  785171 
.785097 
.785081 
.785177 
.785093 
.785173 


} 


0.000091 


000096 
000080 


000083 


The  above  results  demonstrate  the  reproducibility  of  the  effect, 
although  not  indicating  to  what  extent  it  is  dependent  on  the 
temperature.  The  mean  observed  effect  of  dissolved  air  at  25® 
is  a  decrease  in  density  of  0.000083. 
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The  quantity  of  air  absorbed  by  absolute  alcohol  was  approxa- 
mately  determined  by  weighing,  after  evacuating  to  remove  the 
air,  a  quantity  of  alcohol  in  a  flask  provided  with  a  groimd  stopper, 
to  which  was  attached  a  tube  having  two  stopcocks  with  a  bulb 
between.  Dry  air  was  admitted,  shaken,  and  the  flask  again 
weighed.  This  was  repeated  imtil  the  weight  became  constant, 
indicating  that  no  more  air  was  absorbed.  Ninety-three  and 
fourteen  hundredths  (93.14)  grams  of  alcohol  absorbed  .019  gram 
of  air  at  about  20®  C.  This  corresponds  to  about  .13  cc  of  air  for 
each  cubic  centimeter  of  alcohol. 

The  effect  of  dissolved  air  upon  the  density  is  so  significant  that 
the  condition  of  alcohol  as  to  whether  air  free  or  saturated  with 
air  must  be  specified  if  the  density  is  used  as  a  criterion  of  the 
completeness  of  dehydration. 

Many  experimenters  neglect  to  state  whether  their  alcohol  is  air 
free  or  air  saturated.  Mendel^eff '^  ***  states  that  the  alcohol 
used  by  him  was  air  free,  and  he  used  as  a  test  for  this  condition 
the  fact  that  when  mixed  with  water  no  bubbles  were  given  oflf. 
This  does  not  seem  to  be  a  sufficiently  definite  test,  since  mixttues 
of  alcohol  and  water  may  contain  air,  and  from  the  low  values 
obtained  by  Mendel^ff  for  the  density  of  absolute  alcohol  and  the 
method  employed  by  him  in  obtaining  it  air  free,  it  seems  very 
doubtful  if  he  removed  more  than  a  small  part  of  the  dissolved 
air. 

The  approximate  effect  of  dissolved  air  upon  the  density  of 
alcohol-water  mixtiu-es  is  derived  later  from  the  density  determina- 
tions upon  those  mixtures. 

3.  DETERMINATION  OF  THE  DENSITY  OF  ETHYL  ALCOHOL 

Having  determined  the  magnitude  of  the  effect  of  dissolved  air 
upon  the  density,  and  having  observed  the  greater  imiformity  in 
the  density  of  the  alcohol  when  saturated  with  air  than  when 
deprived  of  but  left  in  contact  with  air,  the  density  determinations 
to  serve  as  criteria  for  comparison  of  different  samples  of  sup- 
posedly ptue  alcohol  were  made  in  the  air-saturated  condition. 
The  complete  results  of  these  determinations  are  given  in  Part  i . 

In  this  place  are  given  only  the  actual  determinations  upon  the 
samples,  which  were  regarded  as  being  the  piu-est  prepared  and  on 
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that  account  chosen  to  establish  the  value  for  the  density  of 
abscdute  alcohol. 

These  samples  are  designated  by  the  number  of  the  experiment 
in  their  preparation  as  described  in  detafl  in  Part  i  of  this  paper. 
The  complete  record  of  observations  and  reductions  to  obtain  the 
final  mean  value  for  the  density  of  pure  ethyl  alcohol  at  ^'^  C  are 
given  in  Tables  XLI  to  XLV. 

TABLE  XU 

Detennioatioos  of  Density  of  Alcohol  From  Ejipeiimeiit  IV  Hydrostatic 

Weighing.    Sinker  No.  7 

Date:  Apr.  18,  1910.     Record,  vol.  646,  p.  153 


Cwrtid  Umpifi- 

Meeaew- 

igrtyd 

t 

ttm 
wdglitcl 

VclOMtl 

ttatarat 

DvHllytl 
ttjttidM 

UtaJdat 

Ikac- 

OfMB 

2499 

Tmnilit 
46S3 

!>? 

tinll^ 

25.006 
25.006 

25.010 
25.015 

25?010 

62.5444 
62.5443 

• 
62.5358 

47. 71845 

a  785088 

0.785097 

1 

25.013 
25.006 

25.015 
25.020 

25?014 

62.5459 
62.S459 

62.5373 

47. 71845 

.785057 

.785069 

2 

25.013 
25.006 

25.015 
25.020 

25?014 

62.5464 
62.5464 

62.5378 

47. 71845 

.785046 

.785058 

3 

25.018 
25.006 

21020 
25.015 

25?015 

62.5466 
62.5466 

62.5380 

47. 71846 

.785042 

.785055 

4 

25.013 
25.008 

25.020 
25.015 

25?014 

62.5469 
62.5468 

62.5382 

47. 71845 

.785038 

.785050 

5 

25.013 

25  020 

25?019 

62.5468 

62.5382 

47. 71846 

.785038 

.785034 

6 

25.018 

25.025 

62.5468 

Th«nnometer  cocrectioiis:  No.  2499,  +0.008;  Ifo.  4653,  +0.020.  Observed  air 
density:  0.00116  ^cm'.  Buojsncj  cocrectioo  on  weights:  0.0086  g.  ICass  of  sinker: 
99.9990  g. 
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TABLE  XLn 

Detenninations  of  Density  of  Alcohol  from  Experiment  Vn.    Hydrostatic 

Weighing:  Sinker  No.  7 

Date:  May  H,  1910.     Record,  toI.  646,  p.  176 


Cofiecled  tenipeni- 
tare 

Mean  cor- 

-  -  -  *  -  * 
recwo 

leinpera- 

tare 

t 

Apparent 

Sinker 
InUqoid 

Tme 
welglitef 

■Inker 
In  liquid 

Vohuneef 
■Inker  at 
obaerved 

ten^eratnre 

Denailyef 
Uqoidat 
obaerved 

teinpefature 

^4 

Density  ef 
Uqoidat 

Ts*c 

•■^25 

Frac- 

Green 

2499 

Tomielot 

4653 

tisnllo. 

25.028 
25.028 
25.008 
25.013 
25.013 
25.013 

25.030 
25.035 
25.020 
25.020 
25.020 
25.020 

25.030 
25.015 
25. 016 

C 
62.5469 

62.5465 

62.5465 

C 
62.5382 

62.5378 

62.5378 

ml 
47. 71847 

47. 71846 

47. 71846 

0.785038 
.785046 

• 

.785046 

a  785064 
.785059 
.785060 

1 
2 
3 

Thermometer  corrections:  No.  2499,  +0.008;  No.  4653,  +0.020.  Observed  air 
density:  0.00116  g/cm^  Buofuicj  conectioii  on  wei^ts:  0.0087  g.  Mass  of  sinker: 
99.9990  gl 
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TABLE  XUn 
Detenninations  of  Density  of  Absolute  Alcohol  from  Experiment  Xn 

Hydrostatic  Weii^iing:  Sinker  No.  7 

DMe:  Apr.  7,  11,  12,  1910.     Recsofd,  vot  646,  p.  147 


tmn 

"TUT' 

t 

ipSCmoI 
tem«ld 

Ttm 
tellt«id 

C 
62.5378 

3£. 

liliMiliLnl   ^*^ 
0.785046  a  785056 

rnc- 

Ontm 

1 

4i53 

ihalfou 

25.008 
25.008 

25.010 
25.020 

25.012 

62.  §465 
62.5466 

■1 

47.71845 

1 

25.008 
25.023 

25.020 
25.020 

25.018 

62.5464 
62.5466 

62.5377     47.71846     .785048 

.785063 

«1 

25.  OU 
25.018 

25.015 
25.020 

25.016 

62.546? 
62.5463 

62.5375 

47.71846     .785053 

1 

.785067 

2 

25.013 
25.018 

25.015 
25.025 

25. 018 

62.5469 
62.5471 

62.5382 

47.71846 

.785038 

.785053 

3 

24.998 
25.003 

25.005 
25.015 

25.005 

62.5464 
62.5465 

62.5377 

47. 71844 

.785049     .785053 

1 

4 

25.013 
25.008 

25.020 
25.020 

25.015 

62.5463 
62.5465 

62.5376 

47. 71846 

.785050 

.785063 

5 

24.993 
24.993 

25.000 
25.000 

24.996 

62.5460 
62.5459 

62.5372 

1 
47.7144    ;  .785059 

1 

.  785056 

6 

«  Alter  phasing  diy  air  throogh. 

Thermometer  correctioos:  No.  2499,  +0.008;  No.  4653,  +0.020.  Obser?ed  air 
density:  0.00118  ^cm*.  Buofuicj  correction  on  weights:  0.0068  g.  Mass  of  sinker: 
99.9990  g. 


OAorm] 


Density  and  Expansion  of  Alcohol 


413 


W   -§ 
S    1 


> 

I 


s 
■i 

I 


a 

m 

M 

a 
o 

•i3 


•  5^  O 


Pl^ 


/' 


■'.  Sl- 


II 


?^l 


^r 


I 


^1 

! 


If 

I- 


la 


2 

•  ! 


1 


ss 


g 


M        «0 


8 


10 


10 


I 


2 


i 


L'i 


e 

loo 


§ 


R 


§ 


Ok 


S         I: 

•^  M  v^ 

8  ::   8 


Ok 


10 


§    § 


v>      10 


§    §    I    I 


3 


o 


+ 


O 


414 


Bulletin  of  ike  Bureau  of  Standards 


{VcL9 


25* 


TABLE  XLV 
The  Density  at  ^  of  Poxe  Ethyl  Alcohol  Saturated  with  Air.    Assembled 

Results  of  Most  Satisfactory  Experixnents 


IV, 


VI.. 

vn. 


.». 


3 
4 
5 
6 
2 
2 
1 
2 
3 
1 
2 
3 
4 
5 
6 


Hydrostatic  wei^bin^. 

do 

do 

....do 

PiciMMHOtof  No*  276. . . 
PicnoniolBr  No*  274. . . 
Hydrostatic  wei^bin^. 

do 

do 

do 

do 

do 

do 

do 

do 


^2S 


4 


aTssoss 

.  785055 
.785050 
.785054 
.785059 
.785058 
.785064 
.785059 
.  785060 
.785063 
.785067 
.  785053 
.  785053 
.785063 
.785056 


785058 


Xio« 


0 
-3 
-8 

-4 

-fl 
0 

+6 

+  1 
+2 

+5 
+9 
-5 
-5 
+5 
-2 


Comparative  examination  of  the  results  of  the  density  determi- 
nations fmnishes  an  index  of  the  order  of  magnitude  of  the  acci- 
dental errors.  In  Table  XLV  the  average  deviation  from  the  mean 
of  the  1 5  determinations  is  about  0.000004.  The  error  of  the  mean 
due  to  accidental  sotu-ces  is  within  o.oooooi. 
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The  absolute  accuracy  of  the  densities  is  limited  by  the  pre- 
cision with  which  the  thermometers  have  served  to  reproduce  tjie 
International  Hydrogen  Scale.  Two  thermometers  that  were 
compared  with  the  primary  standards  of  the  Biu-eau  were  always 
used.  The  corrected  temperatiu-e  indications  of  these  ther- 
mometers rarely  differed  by  as  much  as  o^.oi .  However,  in  con- 
sequence of  the  imcertainties  inherent  in  the  ice-point  determina- 
tions, the  effect  of  sticking  of  the  meniscus,  of  small  errors  in 
reading,  and  the  assumptions  concerning  the  properties  of  verre 
dur  glass  that  are  necessarily  made  in  the  reproduction  of  the 
International  Hydrogen  Scale,  the  order  of  acciu-acy  that  has  been 
attained  in  the  reproduction  of  this  temperature  scale  is,  as  nearly 
as  can  be  estimated,  about  o^.oi  C,  corresponding  to  about 
0.000009  in  density  of  pure  alcohol  at  25°  C.  Hence  an  accuracy 
of  I  imit  of  the  fifth  decimal  place  for  this  constant  is  all  that  can 
be  expected. 

As  the  result  of  these  experiments  0.78506  is  taken  as  the  density 
at  25°  C  in  grams  per  milliliter  of  pure  ethyl  alcohol  saturated  with 
air  at  ordinary  atmospheric  pressure. 

4.  PREPARATION  OF  THE  MIXTURES— APPARATUS  AND  METHOD  USED 

In  order  to  render  the  preparation  of  the  mixtiu-es  as  free  as 
possible  from  causes  of  error  in  determining  the  proportions  of 
alcohol  and  water,  the  apparatus  shown  in  Fig.  1 2  was  employed. 
It  has  been  shown  (p.  408)  that  piu-e  alcohol  at  25®  C  absorbs 
about  0.02  per  cent  of  its  own  weight  of  air,  which  diminishes  the 
density  about  0.00008.  Marek  •**  has  shown  that  the  absorption 
of  air  does  not  appreciably  change  the  density  of  water  at  25°  C. 

When  alcohol  and  water  both  saturated  with  air  are  mixed,  air 
is  given  off.  This  constitutes  a  source  of  error  in  the  composition 
which  can  not  exceed  0.02  per  cent  and  is  doubtless  considerably 
less.  This  error  may,  however,  be  avoided  by  using  water  and 
alcohol  deprived  of  air.  Another  possible  source  of  error  when  the 
alcohol  and  water  used  in  mixttu'es  are  weighed  at  atmospheric 
pressure  is  the  difficulty  in  ascertaining  the  density  of  the  mixture 
of  air  and  vapor  in  the  vessel  above  the  liquid.  To  avoid  the  two 
errors  mentioned  above  and  to  enable  also  an  approximate  determi- 
nation of  the  effect  of  dissolved  air  upon  the  mixtures  of  alcohol 
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and  water  to  be  made,  the  mixing  apparatus  was  constructed  to 
permit  the  weighing  of  the  liquids  when  evacuated  to  their  vapor 
pressure.  Referring  to  Fig.  12.  it  is  seen  that  the  apparatus  con- 
sists of  three  parts — a  bulb  B  with  one  opening,  a  tho^ee-way  stop- 
cock D,  and  a  ftmnel -shaped  vessel  A,  all  provided  with  ground 
joints  to  permit  their  being  joined  together.  In  use  the  ground 
joints  and  the  stopcock  were  lubricated   sufficiently  to  render 

them  air  tight ,  using 
a  rather  soft  mix- 
ture of  rubber  and 
vaseline.  The  pro- 
cedure in  making  a 
mixture  was  as  fol- 
lows: 

The  bulb  with  the 
three-way  stopcock 
attached  was  first 
exhausted  to  re- 
move the  air  and 
then  closed  and 
weighed.  Next  dry 
air  was  admitted 
and  the  stopcock 
removed.  A  suit- 
able quantity  of 
absolute  alcohol  was 
transferred  to  the 
btilb  by  means  of  a 
burette,  only  air 
which  had  been 
dried  by  PjO,  being  allowed  to  come  in  contact  with  the  alcohol. 
The  stopcock  was  replaced  and  the  bulb  again  evacuated  to  re- 
move the  dissolved  air  from  the  alcohol.  By  repeated  exhaustion 
and  thorough  shaking  of  the  bulb  the  alcohol  was  freed  from  air. 
The  stopcock  was  turned  so  as  to  close  the  passage  to  the  bulb 
and  connect  the  two  other  passages  C  and  E  which  were  then 
thoroughly  dried  by  forcing  through  a  ciurent  of  dry  air.  The 
closed  bulb  containing  only  air-free  alcohol  and  alcohol  vapor  was 
then  weighed. 


Fig.  12.— Mixing  apparatus  (one-third  size). 
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The  water  used  in  making  the  mixtures  was  freed  from  air  by 
subjecting  it  in  a  flask  to  repeated  exhaustion  to  a  low  pressure 
and  shaking  until  no  more  air  could  be  removed.  The  amount  of 
water  required  to  make  a  mixtiu-e  of  the  desired  concentration  was 
calculated  from  the  known  quantity  of  alcohol  already  in  the  bulb. 
The  tubular  opening  in  the  stopcock  was  first  filled  with  water  just 
to  the  bottom  of  the  fuimel  and  then  closed.  The  calculated 
amotmt  of  water  was  then  meastu-ed  into  the  f xmnel  by  means  of  a 
biu'ette.  On  turning  the  stopcock  to  connect  the  fuimel  with  the 
bulb  the  outside  atmospheric  pressure  forced  the  water  into  the 
exhausted  bulb  containing  the  alcohol.  When  the  water  again 
reached  just  to  the  bottom  of  the  fuimel  the  cock  was  tmned  so  as 
to  close  the  bulb  and  open  the  other  passages.  The  fuimel  was 
removed  and  the  cock  again  dried  as  before,  after  which  the  bulb 
containing  the  air-free  mixtm-e  was  weighed.  Thus  the  relative 
proportions  of  alcohol  and  water  were  determined.  Notwith- 
standing these  precautions  for  excluding  air  from  the  mixtiu-es  a 
slight  amotmt  could  still  be  detected  in  the  form  of  bubbles 
evolved  when  the  water  was  mixed  with  the  alcohol  at  the  very 
low  pressiu-e  present,  but  it  was  certainly  much  less  in  amount  than 
would  be  present  by  any  method  of  mixing  at  atmospheric  pres- 
sure. The  mixtures  may  be  considered  practically  air  free.  The 
possibility  of  the  grease  being  dissolved  by  the  mixture  was 
investigated  by  evaporating  75  cc  of  a  95  per  cent  mixture.  Only 
0.2  mg  of  residue  was  foimd  (tttoWtf  part). 

The  dimensions  of  this  mixing  bulb  are  as  follows: 

External  volume,  with  stopcock cc . .  209.  7 

Internal  volume cc . .  152 

Mass  with  stopcock g. .   134.  9 

The  balance  used  in  making  the  mixtures  was  No.  5485,  a 
Rueprecht  analytical  balance  of  600-g  load,  similar  in  design  to 
that  used  for  the  density  determinations  and  described  on  page 
377.  This  balance  was  sensitive  to  0.5  mg.  Corrections  for  dis- 
placed air  were  applied  to  all  weighings.  The  weights  used  in 
making  the  mixtiu-es  were  set  No.  5157,  the  same  as  those  used 
for  the  density  determinations  and  described  on  page  377,  except 
that  those  from  500  mg  to  10  mg  were  the  ones  belonging  to  the 
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balance.    By  previous  test  these  were  known  to  have  no  signifi- 
cant errors. 

5.  MATERIALS  USED 

•The  samples  of  absolute  alcohol  used  in  making  the  mixtures 
were  portions  of  the  distillates  obtained  in  Experiments  IV  and 
XII,  described  in  Part  i.  The  products  of  these  experiments 
were  regarded  as  of  the  greatest  ptuity  obtained. 

The  different  samples  of  alcohol  and  the  designations  of  the 
mixttwes  made  from  each,  together  with  the  determinations  of 
density  made  at  the  time  of  use,  are  as  follows: 

SAMPLE  1 

This  sample  was  composed  of  fractions  Nos.  2,  3,  4,  and  5  from 
Experiment  XII. 
The  density  determinations  were  as  follows : 


Dtta 

H«w  mM6» 

1910 
Apr.    7 

Hjdrostatic  wvi^in^ 

0.785058 

Apr.  22 

PiciKniMter  Ho.  275 .  . 

.785055 

Apr.  29 

Picnometer  No.  276 

.785043 

From  this  sample  were  made  mixtures  designated  as  95  D, 
95  E,  95  F,  90  D,  and  90  E. 

SAlfPLS  2 

This  sample  was  composed  of  fractions  B,  C,  and  D*from 
Experiment  IV. 
The  density  determinations  were  as  follows : 


Dtta 

H«W  OUMlt 

i>^ 

1910 
Apr.  18 

Hrdrostatic  weiring 

0.785058 

MflT    .? 

pfcnometer  No. "276." 

.785053 

Mar  6 

.785044 

Mar  12 

Picnometer  No.  27<J  .  . 

.785055 

Do 

do 

.785047 

From  this  sample  were  made  mixtures  designated  80  D,  70  D, 
60  D,  50  D,  40  D.  65  D,  30  D,  20  D,  ID  D,  and  55  D. 
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SAMPLB  3 


This  sample  was  composed  of  fractions  2,  3,  4,  5,  and  6  from 
Experiment  IV.  These  portions  are  those  upon  which  were  made 
the  original  density  determinations  for  Experiment  IV.  The 
density  determinations  were  as  follows : 


Dtta 

H«wiium1« 

®7 

1910 
Am.  is 

Hjdrostatic  weighing 

0. 78S0S7 

ittj  2$     

Pfcnometer  No.  "576."! 

.785069 

Mnj26 

do 

.785052 

From  this  sample  were  made  mixtures  designated  75  D,  85  D, 
45  D,  35  D. 

SAMPLE  4 

This  sample  was  fraction  A  from  Experiment  IV.    The  density 
determinations  were  as  follows: 


Dtta 

H«wiium1« 

Df 

1910 
Apr,  IS 

H?drocrtatic  weitfhini? 

0.785084 

July  5 

do 

J  waj    «-...«>..■ 

• 

From  this  sample  were  made  mixtures  designated  25  D,  15  D, 
5  D,  2  D,  6  D,  99  D,  and  98  D. 

With  the  exception  of  sample  4,  the  original  density  determi- 
nations indicated  these  samples  to  be  as  free  from  water  as  any 
produced.  The  determinations  at  different  dates  show  that 
within  limits  of  experimental  error  no  change  in  density  had 
occurred.  This  was  to  be  expected,  since  the  portions  were  kept 
in  bottles  with  well-groimd  stoppers,  the  bottles  themselves  being 
kept  in  a  desiccator  containing  lime.  In  transferring  the  alcohol 
from  one  vessel  to  another  air  was  always  used  which  had  been 
dried  by  phosphorous  pentoxide,  thus  avoiding  contamination 
by  atmospheric  moisture. 

Sample  4  shows  a  density  higher  than  that  determined  for  the 
purest  alcohol,  and  in  calculating  the  percentage  of  the  mixtures 
the  percentage  of  alcohol  in  this  sample  is  taken  as  99.992,  this 
figure  corresponding  to  the  density  0.785086. 

77398**— 13 — 7 
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6.  EXPERIMENTAL  WORK  AND  REDUCTION  OF  RESULTS 

The  record  of  the  preparation  of  the  mixtures  is  given  in  journal 
form  in  Table  XLVI. 

Several  of  the  mixtures  foimd  necessary  for  interpolation  pur- 
poses, of  such  proportions  that  the  exclusion  of  air  in  their  prepa- 
ration was  not  considered  essential,  were  made  in  an  ordinary 
weighing  flask  at  atmospheric  pressure  and  without  evacuating, 
as  shown  in  the  second  part  of  Table  XLVI.  The  record  of  all 
the  density  determinations  made  upon  the  mixtures  is  given  in 
jotunal  form  in  Table  XLVII. 

TABLE  XLVI 
Record  of  Preparation  of  Mixtures 

AIR-FREE  MIXTURES  MADE  IN  SPECIAL  MIXING  BULB 


M«d«froiii 
Minplo 


95D 

r 

2 
2 
2 
2 
2 

2 
2 
2 
2 
2 

3 
3 
3 
3 

4 
4 
4 

95  E 

95F 

90D 

90  E 

SOD 

70D 

60D 

SOD 

40D 

65D 

30D 

20D 

lOD 

5$D 

75D 

85D 

45D 

35D 

25D 

15D 

5D 

Dtta  whan 
nuuU 


1910 
Apr*  23 .... 

Apr.  2S 

Apr.  26. . . . 

..do 

Apr.  30 

Ma74 

...do 

Mays 

May  6 

May? 

May9 

..do 

May  10 

May  11 

May  13 

May  25 

May  26 

May  27 

May  28 

June  1 
une  3 

..do 


Tnie  welglit  of 
•koliol 


g 
66.202 

73.  570 

101.054 

90.496 

93.542 

79.350 
79.624 
75.695 
61.657 
51. 249 

79.6S3 
39.894 
27.077 
13.434 
66.701 

66.413 
92. 576 
58.140 
47.300 

34.798 

20.243 

6.984 


TnM  weight  of 

Per  ctnt  alotlMl 

miitiira 

i 

69.820 

94.818 

77.501 

94.928 

106. 414 

94.963 

100.543 

90.007 

103. 931 

90.004 

99.254 

79.946 

113.679 

70.043 

126. 018 

60.067 

123.  319 

49.998 

126.168 

40.651 

122.586 

65.002 

132.968 

30.003 

135.  321 

20.009 

134.231 

10.008 

121. 336 

54.972 

88.592. 

74.965 

108.868 

85.035 

129. 345 

44.950 

134. 876 

35.069 

138.692 

d  25,068 

134.845 

d  IS.  010 

139.859 

4.994 

MIXTURES  MADE  IN  ORDINARY  FLASK  WITHOUT  EXCLUDING  AIR 


2D. 
6D. 
99D 
98  D 


4 
4 
4 
4 


1910 

July  2. 

Julys. 

...do... 

..do... 


g 
2.314 

6.891. 

91.774 

90.471 


g 
116.407 

115.888 

92. 732 

92. 310 


1.987 

5.946 

<«98.957 

<'97.998 


d  Corrected  for  o.oi  per  cent  water  in  sample  4. 
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TABLE  XLVII 
Record  of  Determinations  of  Density  of  Mixtures 

Assembled  Results  are  Gtrenin  Table  XLVIII 


Deslfiui- 

tlMIOf 

mixture 


95  D. 
95  D. 
95  D. 
95  D. 
95  E. 

95  F. 
95  F. 
95  F. 
95  F. 
95  F. 


95  F. 
95  F. 
90  D. 
90  D. 
90  D. 

90  E. 
90  E. 
80D. 
80D. 
80  D. 

TOD, 
70  D. 
60  D. 
60  D. 
60D. 

60D. 
50  D. 
50  D. 
50D. 
40D. 

40  D. 
65  D. 
65  D. 
SOD. 
30  D. 

20  D. 
20  D. 
10  D. 
10  D. 
55  D. 

55  D. 
75  D. 
75  D. 
85  D. 
85  D. 


Date  of 
density  de- 
termhuitioin 


1910 
Apr.  23 

— do 

..do 

Apr.  25 
, .  .do. . . . . 

Apr.  26 

. . .do 

. . .do 

. .  .do.... . 
..do 


— do 

A^.    27 

— do 

. . . do 

Apr.  29 

Apr.  30 

. .  .do.. 

May  4 

...do 

..do 


CondMen  of  mixture 


Air  free 

. do 

Air  saturated 
do 


Air  free. 


do 

I    •    •    «    •  ^v^/  •  •   •    •    • 

Air  saturated 

. . . . .do 

do 


..do. 
May 

..do. 
..do. 
..do. 


..do.. 

6 

..do.. 

.. 

May 
..do.. 

7 

..do. 

..do. 

9 

May 
..do. 

10 

k    ■    • 

. . .do 

— do 

May    12 
...do 

May    13 

...do 

May    25 

...do 

May    26 
...do 


. . . . .do 

.do 

Air  free 

Air  saturated 
do 

Air  free 

Air  saturated 

Air  free 

Air  saturated 
do 


Air  free 

Air  saturated 

Air  free 

Air  saturated 
do 


. . . . .do 

Air  free 

Air  saturated 

—  .do 

Air  free 


Air  saturated 

Air  free 

Air  saturated 

Air  free 

Air  saturated 

Air  free 

Air  saturated 

Air  free 

Air  saturated 
Air  free 


Air  saturated 

Air  free 

Air  saturated 

Air  free 

Air  saturated 


Metliod  of  determini' 
tkm 


Picnometer  275 
Picnometer  274 
do 


do 

Picnometer  275 


.do., 
.do., 
.do.. 


Hydrostatic. 
do 


.do 

.do 

Picnometer  275 
do 


Hydrostatic. 


Picnometer  276 
do 

do 


Hydrostatic. 

Picnometer  276 
Hydrostatic 


Picnometer  276 
do 


Picnometer  274 

Hydrostatic. .. 
Picnometer  276 
do 


Picnometer  274 
Picnometer  276 


do. 
do. 
do. 
do. 
do. 


do. 
do. 
do. 
do. 
do. 

do. 
do. 
do. 
do. 
do. 


Tempera- 
ture of 

determi- 

natkMi 

t 


24.988 
25.028 
25. 016 
24.997 
24.990 

24.970 
24.970 
24.976 
24.979 
24.978 

24.976 
24.999 
25.003 
24.989 
25.008 

25.008 
25.003 
24.993 
24.993 
25.008 

24.992 
25.008 
25.008 
25.000 
25.008 

25.008 
25.003 
25.003 
25.006 
24.996 

24.994 
25.  016 
25. 013 
25.004 
24.994 

24.983 
24.988 
25.000 
25.000 
24.990 

24.969 
24.986 
24.970 
24.994 
24.996 


.25 


10.800486 
.800440 
.800427 
.800431 
.800160 

.800077 
.800087 
.800023 
.800031 
.800024 

.800033 
.800018 
.813620 
.813608 
.  813591 

.813634 
.  813614 
.839297 
.  839245 
.839248 

.863344 
.863289 
.886856 
.886840 
.886820 

.886831 
.909861 
.909859 
.909847 
.  930140 

.930140 
.  875262 
.875253 
.950682 
.950671 

.966394 
.966380 
.980431 
.980422 
.898584 

.898575 
.851456 
.851447 
.826547 
.826511 


0.800476 
.800464 
.800441 
.800428 
.800151 

.800051 
.800061 
.800004 
.800013 
.800005 

.800012 
.800017 
.  813623 
.  813598 

.  olOdarO 

.813641 
.  813617 
.8392(^1 
.  839239 
.839255 

.863337 
.863296 
.886863 
.886840 
.886827 

.886838 
.909863 
.909661 
.909852 
.930139 

.  930135 
.  875276 
.875264 
.950685 
.950667 

.966393 
.966379 
.980431 
.980422 
.896576 

.898566 
.851444 
.  851421 
.826542 
.826507 
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TABLE  XLVn— Continued 
Record  of  Deteraunations  of  Density  of  Mixtures — Continued 


ttantl 


45  D. 
45  D. 
35  D. 
35  D. 
25  D. 

25  D. 
15  D. 
15  D. 

5D. 

5D. 

2D. 

6D. 
99  D. 
96  D. 


Ditoil 


1910 
May    27 

. .  .do 

May    28 

, .  .do 

June     2 

. .  .do... . . 
June  3 
. .  .do... . . 
June  6 
. .  .do... . . 

Tnly     2 


do. 


^^COttvttSA  OC  flBflEstttV 


AirfrM 

Air  sctttiatad. 

Air  free 

Air  sctttTited. 
Air  free 


Air  Mtoreted. 

Air  free 

Air  ■etnrated. 

Air  free 

Air  ■etnrated. 

do 


do. 
do. 


tlMI 


Picaometer  276 
do 


do. 
do. 
do. 


do. 
do. 


do. 
do. 
do. 


Hjdroetatic, 
do 


do. 
do. 


tvrtof 


24.963 
24.973 
24.960 
24.966 
24.963 

24.963 
24.966 
24.960 
24.992 
24.996 

25.070 
25.045 
25.046 
25.042 


^l 


10.920993 
.920960 
.941343 
.941336 
.958810 

.956820 
.973333 
.973339 
.968171 
.988177 

.993365 
.966636 
.788227 
.791140 


^? 


la  920960 
.920959 
.941329 
.941326 

.958810 
.973328 
.973331 
.988169 
.988176 

.993383 
.966648 
.788267 
.791176 


The  assembled  results  and  their  reduction  to  integral  percent- 
ages are  given  in  Table  XLVIII.  In  this  table  also,  columns 
5  and  6,  are  given  the  observed  and  calculated  values  for  the  effect 
of  dissolved  air  on  the  density. 

The  linear  equation, 

r  -  0.3326  X 

in  which  Y  represents  the  difference  in  density  between  air-free 
and  air-saturated  mixture,  X  the  percentage  of  alcohol,  and  in 
which  the  coeflScient  is  determined  by  a  least  square  adjustment 
of  the  observed  values  of  Y  is  used  in  calculating  column  6. 

It  is  seen  that  for  mixtures  of  95  per  cent  and  imder  this  equa- 
tion represents  the  results  within  the  limits  of  error  of  the  determi- 
nations. If,  however,  the  result  for  pure  alcohol  is  considered, 
i.  e.,  0.000083,  ^^^  equation  is  not  satisfied  within  0.00005.  The 
results  for  this  effect  of  air  on  the  density  of  mixtures  are  given 
here  not  within  any  claim  to  their  precision,  but  merely  as  a 
rough  index  of  the  possible  effect.  Further  investigation  by 
more  exact  methods  would  be  of  interest. 
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TABLE  XLVm 

Detennination  of  Density  of  Alcohol-Water  lifixtures.  Assembled  Results 

and  Reductions 


/ 
DMlfnatko  il  mlitare 

Percent 

alcoliol 

by  weight 

Mean  obeefved 
deniityat^ 

Air  free  D~ 
ntedD^ 

Redncttao  of  air  ntn- 
raied    D»  te   in 

teciel  percent 

Air  free 

Air 
Mtanted 

DIM 

Ctf 

xio^ 

Percent 

akobol 

bywelglit 

2D 

1.987 

4.994 

5.946 

10.008 

15. 010 

20.009 
25.088 
30.003 
35.069 
40.651 

44.950 
49.996 
54.972 
60.067 
65.002 

70.043 
74.965 
79.946 
85.035 

90.007 
90.004 
94.818 
94.963 

97.996 

98.957 

100.000 

0.993383 
.968176 
.986648 
.980422 
.973331 

.966379 
.958810 
.950667 
.941326 
.  930135 

.920959 
.909856 
.896566 
.886835 
.875264 

.863296 
.  851421 
.839247 
.826507 

.813596 
.  813617 
.800434 
.800010 

.791176 
.788267 
.785058 

2 

5 

6 

10 

15 

20 
25 
30 
35 
40 

45 
50 
55 
60 
65 

70 
75 
80 
85 

98 

99 

100 

0. 993359 

5D 

0.968169 

-  7 

2 

.988166 

6D 

lOD 

.980431 
.973328 

.966393 
.958800 
.950685 
.941329 
.  930139 

.920960 
.909863 
.898576 
.886863 
.875276 

.863337 
.851444 
.  839291 
.826542 

.813623 
.813641 
.800470 
.800056 

9 
-  3 

14 

-10 

18 

3 

4 

21 
7 
10 
28 
12 

41 
23 
44 
35 

25 
24 
36 
46 

3 

5 

7 

8 

10 

12 

13 

15 
17 
18 
20 
22 

23 
25 
27 
28 

30 
30 
32 
32 

.980434 

15D 

.973345 

20D 

.966392 

25D 

.958946 

30D 

.950672 

35D 

.941459 

40D 

.931483 

45D 

.920650 

SOD 

.909652 

55D 

.898502 

60D 

.886990 

65D 

.875269 

70D 

.863399 

75D 

.851336 

SOD 

.839114 

85D 

.826596 

90D 

^^«  m-f  .rfc-rfc 

90  E 

.813622 

95D 

95F 

.799912 

98D 

.791170 

99  D 

.788135 

100  (mean  value) 

.  785141 

83 

33 

.785058 

Table  XLIX  gives  for  every  integral  per  cent  the  density  at 
10°,  15®,  20®,  25®,  30®,  35°,  and  40®  C  in  terms  of  the  density  of 
water  at  4®  C  of  mixtures  of  ethyl  alcohol  and  water  when  satu- 
rated with  air.  The  densities  at  25®  of  integral  per  cents  given 
in  this  table  are  derived  from  the  experimental  results  of  Table 
XLVIII  by  a  method  of  interpolation  partly  graphical  and  partly 
anal)rtical,  the  details  of  which  are  not  of  sufficient  interest  to  be 
given  here.  The  densities  at  10®,  15®,  20®,  30^,  35^,  and  40®  are 
calculated  from  the  densities  at  25®  by  use  of  the  equation 

The  values  of  a,  /8,  and  7  are  given  in  Table  XXXVIIa.     Page  402. 
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7.  ALCOHOLOMBTRIC  DENSITY  TABLE 

TABLE  XLDC 

Density  of  lifixtures  of  Ethyl  Alcohol  and  Water  l>| 


TtmfBitnft 

Pic  cft  alwfctl 

bfwtlglit 

wc 

IS'C 

20*C 

25*  C 

30*C 

WC 

40*C 

0 

0.99973 

0.99913 

0.99823 

0.99708 

0.99568 

0.99406 

0.99225 

1 

.99785 

.997: 15 

.99636 

.99520 

.99379 

.99217 

.99034 

2 

.99602 

.99542 

.99453 

.99336 

.99194 

.99031 

.98846 

3 

.99426 

.99365 

.99275 

.99157 

.99014 

QtUtAA 

.98663 

4 

.99228 

.99195 

.99103 

onoiti 

.98839 

.98672 

.98485 

5 

.99098 

.99032 

.98938 

.98817 

.98670 

.98501 

.98311 

6 

.90946 

.98877 

.98780 

.98656 

.98507 

.98335 

.98142 

7 

.98801 

.98729 

.98627 

.98500 

.98347 

.98172 

.97975 

8 

.98660 

.98584 

.98478 

.98346 

.98189 

.98009 

.97808 

9 

.98524 

.98442 

.98331 

.98193 

.98031 

.97846 

.97641 

10 

.98393 

.98304 

.98187 

.98043 

.97875 

.97685 

.97475 

11 

.98267 

.98171 

.98047 

.97897 

.97723 

.97527 

.97312 

12 

.98145 

.98041 

.97910 

.97753 

.97573 

.97371 

.971JO 

13 

.98026 

.97914 

.97775 

.97611 

.97424 

.97216 

.  MH^Hr 

14 

.97911 

.97790 

.97643 

.97472 

.97278 

.97063 

.96829 

15 

.97800 

.97669 

.97514 

.97334 

.97133 

.96911 

.96670 

16 

.97692 

.97552 

.97387 

.97199 

.96990 

.96760 

.96512 

17 

.97583 

.97433 

.97259 

.97062 

.96844 

.96607 

.96352 

18 

.97473 

.97313 

.97129 

.96923 

.96697 

.96452 

.96189 

19 

.97363 

.97191 

.96997 

.96782 

.96547 

.96294 

.96023 

20 

.97252 

.97068 

.96864 

.96639 

.96395 

.96134 

.95856 

21 

.97139 

.96944 

.96729 

.96495 

.96242 

.95973 

.95687 

22 

.97024 

.96818 

.96592 

.96348 

.96087 

.95809 

.95516 

23 

.96907 

.96689 

.96453 

.96199 

.95929 

.95643 

.95343 

24 

.96787 

.96558 

.96312 

.96048 

.95769 

.95476 

.95168 

25 

.96665 

.96424 

.96168 

.95895 

.95607 

.95306 

.94991 

26 

.96539 

.96287 

.96020 

.  95738 

.95442 

.  95133 

.94810 

27 

.96406 

.96144 

.95867 

.  95576 

.95272 

.94955 

.94625 

28 

.96268 

.95996 

.  95710 

.95410 

.95098 

.94774 

.94438 

29 

.96125 

.95844 

.95548 

.95241 

.94922 

.94590 

.94248 

30 

.95977 

.95686 

.95382 

.95067 

.94741 

.94403 

.94055 

31 

.95823 

.95524 

.95212 

.94890 

.94557 

.94214 

.93860 

32 

.95665 

.95357 

.95038 

.94709 

.94370 

.94021 

.93662 

33 

.95502 

.95186 

.94860 

.94525 

.94180 

.93825 

.93461 

34 

.95334 

.95011 

.94679 

.94337 

.93986 

.93626 

.93257 

35 

.95162 

.94832 

.94494 

.94146 

.93790 

.93425 

.93051 

36 

.94986 

.94650 

.94306 

.93952 

.93591 

.93221 

.92843 

37 

.94805 

.94464 

.94114 

.93756 

.93390 

.93016 

.92634 

38 

.94620 

.94273 

.  93919 

.93556 

.93186 

.92808 

.92422 

39 

.94431 

.94079 

.93720 

.93353 

.92979 

.92597 

.92208 

40 

.94238 

.93882 

.  93518 

.93148 

.92770 

.92385 

.91992 

41 

.94042 

.93682 

.93314 

.92940 

.92558 

.  92170 

.91774 

42 

.93842 

.93478 

.93107 

.92729 

.92344 

.91952 

.91554 

43 

.93639 

.93271 

.92897 

.92516 

.92128 

.  91733 

.91332 

44 

.93433 

.93062 

.9:1685 

.92301 

.  91910 

.  91513 

.91108 

45 

.93226 

.92852 

.  92472 

.92085 

.91692 

.91291 

.90884 

46 

.93017 

.92640 

.  92257 

.91868 

.  91472 

.91069 

.90660 

47 

.92806 

.92426 

.92041 

.91649 

.91250 

.90845 

.90434 

48 

.92593 

.92211 

.91823 

.91429 

.91028 

.90621 

.90207 

49 

.92379 

.91995 

.91604 

.91208 

.90805 

.90396 

.89979 

50 

.92162 

.  91776 

.91384 

.90985 

.90580 

.90168 

.89750 
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TABLE  XLIX— Continued 


Ptr  cent  aloobol 

Tcmpontim  t 

bywetfht 

icrc 

15*  C 

20*  C 

25*  C 

30*  C 

35*  C 

40*  C 

50 

0. 92162 

9. 91776 

0.91384 

0.90985 

0.90580 

0.90168 

0.89750 

51 

.91943 

.91555 

.91160 

.90760 

.90353 

.89940 

.89519 

52 

.91723 

.91333 

.90936 

.90534 

.90125 

.89710 

.89288 

53 

.91502 

.91110 

.90711 

.90307 

.89896 

.89479 

.89056 

54 

.  91279 

.90885 

.90485 

.90079 

.89667 

.89248 

.88823 

55 

.  91055 

.90659 

.90258 

.89850 

.89437 

.89016 

.88589 

56 

.90831 

.90433 

.90031 

.89621 

.89206 

.88784 

.88356 

57 

.90607 

.90207 

.89803 

.89392 

.88975 

.88552 

.88122 

58 

.90381 

.89960 

.89574 

.89162 

.88744 

.88319 

.87888 

59 

.90154 

.89752 

.  IRW^^ 

.88931 

.88512 

.87650 

60 

.89927 

.89523 

.89113 

.88699 

.88278 

.87851 

.87417 

61 

.89698 

.89293 

.88882 

.88466 

.88044 

.87615 

.87180 

62 

.89468 

.89062 

.88650 

.88233 

.87809 

.87379 

.86943 

63 

.89237 

.88417 

.87998 

.87574 

.  87142 

.86705 

64 

.89006 

.88597 

.88183 

.87763 

.87337 

.86905 

.86466 

65 

.88774 

.88364 

.87948 

.87527 

.87100 

.86667 

.86227 

66 

.88541 

.88130 

.87713 

.87291 

.  0O0O3 

.86429 

.85987 

67 

.88308 

.87895 

.87477 

.87054 

.86625 

.86190 

.85747 

68 

.88074 

.87660 

.87241 

.86817 

.86387 

.85950 

.85507 

69 

.87839 

.87424 

.87004 

.86579 

.86148 

.85710 

.85266 

70 

.87602 

.87187 

.86766 

.86340 

.85908 

.85470 

.85025 

71 

.87365 

.86949 

.86527 

.86100 

.85667 

.85228 

.84783 

72 

.87127 

.86710 

.86287 

.85859 

.85426 

.84986 

.84540 

73 

.86888 

.86470 

.86047 

.85618 

.85184 

.84743 

.84297 

74 

.86648 

.86229 

.85806 

.85376 

.84941 

.84500 

.84053 

75 

.86408 

.85988 

.85564 

.85134 

.84698 

.84257 

.83809 

76 

.86168 

.85747 

.85322 

.  0*11X11 

.84455 

.84013 

.83564 

77 

.85927 

.85505 

.85079 

.84647 

.84211 

.83768 

.83319 

78 

.85685 

.85262 

.84835 

.84403 

.83966 

.83523 

.83074 

79 

.85442 

,85018 

.84590 

.84158 

.83720 

.83277 

.82827 

80 

.85197 

.84772 

.  o^5^W 

.83911 

.83473 

.83029 

.82578 

81 

.84950 

.84525 

.84096 

.83664 

.83224 

.82780 

.82329 

82 

.84702 

.84277 

.83848 

.83415 

.82974 

.82530 

.82079 

83 

.84453 

.84028 

.83599 

.83164 

.82724 

.82279 

.81828 

84 

.84203 

.83777 

.83348 

.82913 

.82473 

.82027 

.  81576 

85 

.83951 

.83525 

.83095 

.82660 

.82220 

.81774 

.  81322 

86 

.83697 

.83271 

.82840 

.82405 

.81965 

.  81519 

.81067 

87 

.83441 

.83014 

.82583 

.82148 

.81708 

.81262 

.80811 

88 

.83181 

.82754 

.82323 

.81888 

.81448 

.81003 

.80552 

89 

.82919 

.82492 

.82062 

..  81626 

.81186 

.80742 

.80291 

90 

.82654 

.82227 

.81797 

.81362 

.80922 

.80478 

.80028 

91 

.82386 

.81959 

.81529 

.81094 

.80655 

.80211 

.79761 

92 

.82114 

.81688 

.  81257 

.80823 

.80384 

.79941 

.79491 

93 

.81839 

.  81413 

.80983 

.80549 

.80111 

.79669 

.79220 

94 

.81561 

.81134 

.80705 

.80272 

.79835 

.  79393 

.78947 

95 

.81278 

.80852 

.80424 

.79991 

.79555 

.79114 

.78670 

96 

.80991 

.80566 

.80138 

.79706 

.79271 

.78831 

.78388 

97 

.80698 

.80274 

.79846 

.79415 

.78981 

.78542 

.78100 

98 

.80399 

.79975 

.79547 

.79117 

.78684 

.78247 

.77806 

99 

.80094 

.79670 

.79243 

.78814 

.78382 

.77946 

.77507 

100 

.79784 

.79360 

.78934 

.78506 

.78075 

.77641 

.77203 
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TABLE  L 
Comparison  of  Densities  of  Various  Per  Cents  Alcohol  by  Weight 


Baiaw 
tlStondn 

1910 

If  OOdtHtfTl  IllUM 

1  noAkoktotf  bf— 

M«ad»- 

18eff>*>M 
1865/ 

B.S. 
1910— 
Mead. 

Krtlt- 
18929 

Pw 

eaat 

alotlMl 

-  » - 

BafMB 

ofStaad- 
anUUM 

1909 

B.S. 

1910- 
B.S. 

1909 

B.W. 
Mm- 

toyMt 

1904 

B.S. 
1910- 
Mtr- 

toy 

NwBial- 
1893< 

B.9. 

19K>— 
JLN. 

B.K. 

B.8. 

1910— 
Kntt. 

i>2:c 

D^C 

Ualto 

•1 

IIMIi 
ptoM 

D^ 

Ualto 

•1 
IIMIl 

D»*C 

Ualto 
•1 

flMk 
ptoM 

1>%C 

Ualto 
•1 

flMk 
ptaM 

D^C 

Uato 
•f 

ptoca 

0 

99823 

99824 

99824 

-  1 

99824 

-  1 

99831 

-  8 

99823 

5 

90939 

98936 

+3 

98927 

+12 

-  9 

98945 

-  6 

98941 

—  2 

10 

98187 

98185 

+2 

98180 

—  2 

98197 

-10 

98195 

-  8 

98194 

—  7 

15 

97514 

97522 

-9 

97519 

—  5 

97533 

-19 

97527 

-13 

97531 

-17 

ao 

96870 

—6 

96872 

—  8 

96877 

-13 

96877 

-13 

96877 

-13 

25 

96168 

96in 

—3 

96175 

—  7 

96171 

-  3 

96185 

-17 

96175 

—  7 

10 

95382 

9S385 

—3 

95387 

—  5 

95381 

+  1 

95403 

-21 

95380 

+  2 

S5 

OAJAO 

—5 

94506 

-12 

-  2 

94514 

-20 

94503 

—  9 

40 

93519 

93524 

—5 

93525 

—  6 

93523 

-  4 

93511 

+  8 

93527 

—  8 

45 

92472 

92480 

~8 

92483 

-11 

92484 

-12 

92493 

-21 

92485 

-13 

SO 

91384 

91386 

—2 

^386 

—  2 

91393 

-  9 

91400 

-16 

91392 

—  8 

55 

90258 

90262 

—4 

90263 

—  5 

90265 

-  7 

90275 

-17 

90263 

—  5 

60 

80114 

89115 

—1 

89115 

—  1 

89115 

-  1 

89129 

-15 

89114 

65 

87948 

879S0 

—2 

879S0 

—  2 

87946 

+  2 

87961 

-13 

87948 

70 

86766 

86770 

—4 

86769 

—  3 

86762 

+  4 

86781 

-15 

86767 

—  1 

75 

85564 

85570 

—6 

85569 

—  5 

85562 

+  2 

85580 

-16 

85567 

—  3 

80 

84344 

84349 

—5 

84348 

—  4 

84339 

+  5 

84366 

-22 

84347 

—  3 

85 

83095 

83097 

—2 

83097 

"  2 

83091 

+  4 

83115 

-20 

83099 

—  4 

90 

81797 

81795 

+2 

81794 

+  3 

81795 

+  2 

81801 

-  4 

81801 

—  4 

95 

80423 

80417 

+6 

80421 

+  2 

80424 

-  I 

80433 

-10 

80424 

—  1 

100 

78934 

78933 

+1 

78932 

+  2 

78939 

-  5 

78945 

-11 

78930 

+  4 

ao 


«  Recalcnlated  from  MendeUefTi  vtJucs  of  D^^,  given  in  Landolt  and  BSnutda  (1905). 


/  ]iendckcff'f**'>>«i  uncorrected  values. 


«5 


.»o 


f  Recalculated  from  Kichlms'^M  values  at  D^^. 
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Compatison  of  Densities  of  Various  Per  Cents  Alcohol  by  Volume  at  60°  F 

(15?56  C) 


MendeltefTs  values  recalculated 

Bnreao 

QfStand- 

ards»» 

1910 

B] 

r— 

McCul- 
lochiM* 

B.S. 
1910— 
McC. 

Squlbb«« 

B.S. 

1910— 
Souibb 

Oflpfai,* 

Drfaik- 

water,» 

and 
Squlbb«*< 

B.S. 

1910— 

S' 

and  S 

Pw 

cent 

ako- 

bolby 

ume 

Bureau 

ofStand- 

ardsm* 

1909 

B.S. 
1910- 
B.S. 

1909 

K. 
Nermal- 

KviiiiUi^^ 

B.S. 
1910- 
K.N. 
B.K. 

at 
60*  P 

i>i> 

i>^> 

Units 
of 

Afth 
place 

i>^> 

Units 
of 

fifth 
place 

^> 

Units 
of 

fifth 
place 

^^^ 

Units 
of 

fifth 
place 

i>^ 

Unite 
of 

fifth 
place 

0 

1.00000 

1.00000 

0 

1.00000 

0 

1.00000 

0 

1.0000 

0 

1.00000 

0 

5 

.99282 

.99283 

-  1 

.99279 

+  3 

.99289 

-  7 

.9930 

-18 

.99281 

+  1 

10 

.98659 

.98658 

+  1 

.98657 

+  2 

.98663 

-  4 

nocn 

-31 

.98660 

-  1 

15 

.98104 

.98112 

-  8 

.98114 

-10 

.98114 

-10 

.9815 

-46 

.98114 

-10 

20 

.97595 

.97607 

-12 

.97608 

-13 

.97600 

-  5 

.9760 

-  5 

.97608 

-13 

2S 

.97086 

.97096 

-10 

.97097 

-11 

.97087 

-  1 

.9709 

-  4 

.97097 

-11 

30 

.96535 

.96540 

-  5- 

.96541 

-  6 

.96541 

-  6 

.9652 

+15 

.96541 

-  6 

35 

.95910 

.95909 

+  1 

.95910 

0 

.95915 

-  5 

.9593 

-20 

.95910 

0 

40 

.95179 

.95184 

-  5 

.95185 

-  6 

.95192 

-13 

.9519 

-11 

.95185 

-  6 

45 

.94350 

.94360 

-10 

.94364 

-14 

.94359 

-  9 

.9434 

+10 

.94364 

-14 

50 

.93428 

.93440 

-12 

.93445 

-17 

.93437 

-  9 

.9343 

-  2 

.93443 

-15 

55 

.92419 

.92435 

-16 

.92439 

-20 

.92427 

-  8 

.9242 

-  1 

60 

.91343 

.91356 

-13 

.91358 

-15 

.91346 

-  3 

.9135 

-  7 

65 

.90202 

'  .90210 

-  8 

.90214 

-12 

.90211 

-  9 

.9025 

-48 

70 

flftOOO 
. 00777 

.89004 

-  5 

.89010 

-11 

.89003 

-  4 

.8900 

-  1 

75 

.87729 

.87734 

-  5 

.87740 

-11 

.87730 

-  I 

.8769 

+39 

80 

.86381 

.86389 

-  8 

.86395 

-14 

.86384 

-  3 

.8639 

-  9 

85 

.84942 

.84955 

-13 

.84961 

-19 

.84950 

-  8 

.8496 

-18 

90 

.83381 

.83394 

-13 

.83400 

-19 

.83385. 

-  4 

.8340 

-19 

95 

.81604 

.81611 

-  7 

.81616 

-12 

.81596 

+  6 

.8164 

-36 

100 

.79388 

.79387 

+  1 

.79391 

-  3 

.79461 

-73 

.7946 

-72 

*  Prom  the  table  given  in  Ganger's  ManttaL*>^i*ii* 
i  Bulletin  Na  zo?  (Revised)  Bureau  of  Chemistry. 
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8.  REVIBW  OF  RESULTS 

A  comparison  between  the  results  of  this  mvestigation  and 
those  of  other  experimenters  is  shown  in  Tables  L  and  LI.  The 
results  compared  are  the  basis  of  several  of  the  most  important 
alcoholometric  tables  in  general  use  at  the  present  time.  In 
order  to  render  the  different  tables  directly  comparable,  they  have, 
as  far  as  possible,  been  reduced  to  the  same  temperature  basis. 

In  regard  to  the  accuracy  of  Mendel^ff's  results,  reference  to 
his  publication  '**  of  1 869  and  examination  of  the  tables  of  den- 
sities which  he  calculated  by  least  square  adjustment  of  the 
experimental  data,  shows  differences  between  the  observed  and 
calculated  results  of  several  units  of  the  fourth  decimal  place. 
Whether  these  discrepancies  are  attributed  to  experimental  error 
or  arise  from  defective  adjustment,  they  furnish  an  indication  of 
the  magnitude  of  unexplained  discordance.  The  adjusted  values 
agree  slightly  better  than  the  observed  with  the  results  presented 
here  and  have  been  used  for  comparison. 

Explanation  of  the  outstanding  differences  shown  in  the  pre- 
ceding comparison  tables  will  not  here  be  undertaken  further  than 
to  suggest  the  possibility  that  a  greater  degree  of  refinement  in 
apparatus  and  experimental  conditions  with  regard  to  temperature 
control  and  meastu-ement  in  particular  have  in  the  present  work 
enabled  the  attainment  of  higher  precision. 

Taking  into  account  all  sources  of  error  it  would  be  difficult  to 
account  for  any  error  in  Table  XLIX  greater  than  .00004;  how- 
ever, the  desirability  of  further  experimental  work  to  ascertain 
the  acciu-acy  with  which  the  fundamental  determinations  can  be 
repeated  by  another  observer  is  suggested. 

In  conclusion,  the  author  acknowledges  indebtedness  to  Mr. 
H.  W.  Bearce  for  valuable  assistance  in  the  observations  and 
calculations  involved  in  the  determinations. 

Washington,  August  i,  19 10 


PART  4 

DENSrrY  OF  ETHYL  ALCOHOL  AND  OF  ITS  MIXTURES 
WITH  WATER.    (A  CONHRMATORY  SERIES)     - 

By  H.  W.  Beaice 

During  December,  1910,  and  January,  191 1,  the  work  on  ethyl 
alcohol  and  its  mixtures  with  water  was  continued.  A  second 
and  independent  series  of  mixtures  were  prepared  and  their 
densities  measured  at  15°  and  25®  for  the  purpose  of  determining 
the  reproducibility  of  the  results  already  obtained.  By  making 
the  determinations  at  both  15®  and  25®  it  was  possible  to  verify, 
at  the  same  time,  the  densities  at  25°  and  the  rate  of  change  of 
density  between  15°  and  25^. 

Vn.  DESCRIPTION  OF  EXPERIMENTAL  WORE 
1.  IfATERIAL,  APPARATUS,  AND  METHODS 

The  alcohol  used  for  making  the  mixttwes  was  from  two  new 
distillations  of  the  same  original  material  as  that  used  in  the  first 
series. 

A  mixture  of  fractions  4,  6,  and  8  of  Experiment  XIV  (see 
p.  366,  pt.  i)  was  used  for  making  the  mixtures  designated  in 
Table  LIV  as  10  E,  20  E,  30  G,  40  E,  60  E,  70  E,  80  E,  and  90  E, 
while  for  making  those  mixtiures  designated  as  20  G,  30  H,  50  E, 
and  70  F  the  mixed  fractions  for  Experiment  XV  were  used. 
The  alcohol  used  for  making  the  mixtures  was  in  each  case,  imme- 
diately after  distillation,  placed  in  a  glass  receptacle  closed  by  closely 
fitting  ground  joints.  This  receptacle  was  provided  with  a  burette 
attachment  through  which  the  alcohol  was  drawn  off  as  required 
for  making  the  mixtures.  Only  air  that  had  been  passed  through 
drying  tubes  containing  calcium  chloride  and  phosphorous  pen- 
toxide  was  allowed  to  come  in  contact  with  the  alcohol. 

The  balances,  weights,  thermometers,  sinker,  and  apparatus 
for  controlling  the  temperature  were  those  already  described 

429 
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All  density  determinations  were  made  by  the  method  of  hydro- 
static weighing.  The  methods  of  procedure  that  have  been 
described  in  detail  in  parts  2  and  3  of  this  paper  were,  as  far  as 
possible,  followed  in  part  4. 

During  this  series  of  meastn-ements  ice-point  readings  of  the 
thermometers  were  not  taken  after  each  temperature,  but  were 
taken  at  intervals  suflSciently  short  to  have  shown  any  consider- 
able change  had  it  occtured.  It  is  believed  that  the  mean  of  the 
extended  series  of  ice-point  readings  available  from  earlier  work 
with  the  same  thermometers,  at  the  same  temperattu-es,  gives  as 
consistent  and  as  reliable  restilts  as  could  be  obtained  by  indi- 
vidual readings. 

For  making  the  mixtures  an  ordinary  graduated,  stoppered  flask 
was  used  instead  of  the  special  mixing  bulb  described  in  part  3. 
All  mixtures  were  made  with  twice-distilled,  air-free  water,  and 
to  prevent  expulsion  of  air  bubbles  at  the  higher  temperattu-e  the 
mixtures  were  freed  from  excess  of  dissolved  air  by  evacuating  to 
about  I  cm  of  mercury  and  thoroughly  shaking.  At  the  time 
of  determination  they  were  probably  in  an  approximately  air- 
saturated  condition. 

In  the  following  tabtdated  results  no  determinations  have  been 
omitted  except  those  of  two  mixttues  which  were  spoiled  in  the 
process  of  making  and  one  other  in  which  the  temperattue  con- 
ditions were  unsatisfactory.  A  comparison  of  these  results  with 
those  given  in  part  3  of  this  paper  is  shown  in  Table  LV,  page  435. 
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Pot  cent 
alotlMl 

D^ 

d\^:c 

(O-B) 
dlStt'wm 

D^C 

Dfic 

d&S. 

hf  wolflit 

OsbfciM 

B«tfM 

xio» 

OttMnM 

Bearoe. 

X10» 

0 

0.99913 
.9^304 

0.99913 
.98305 

0.99708 
.98043 

0.99708 
.98044 

10 

-1 

-1 

20 

.97069 

.97070 

-1 

.96639 

.96640 

-1 

30 

.95686 

.95688 

-2 

.95067 

.95067 

0 

40 

.93883 

.93882 

+1 

.93148 

.93146 

+2 

50 

.91776 

.91777 

-1 

.90985 

.90985 

0 

60 

.89523 

.89524 

-1 

.88699 

.88698 

+1 

70 

.87187 

.87186 

+1 

.86340 

.86340 

0 

80 

.84772 

.84773 

-1 

.83911 

.83910 

+1 

90 

.82228 

.82228 

0 

.81362 

.81360 

+2 

100 

.79360 

.79360 

0 

.78506 

.78505 

+1 
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PART  5 

BIBUOGRAPHY 

By  ElCMcKelvy 

Vm.  BIBUOGRAPHT  OF  THE  LITERATUSB  ON  ALCOHOL 

AND  ALCOHOLOMETRT 

This  bibliography  has  been  compiled  to  meet  the  need  of  work- 
ers in  the  field  of  alcoholometry  and  all  those  interested  in  the 
physical  properties  and  ptirification  of  the  alcohols.  It  is  hoped 
that  the  field  has  been  covered  reasonably  completely.  Especial 
attention  has  been  given  to  completeness  with  respect  to  the 
purification  and  physical  properties  of  ethyl  alcohol  and  the 
points  discussed  in  the  present  paper.  It  is  considered  that  prac- 
tically every  physical  property  has  a  possible  application  in 
alcoholometry  and  in  the  tests  that  go  to  show  the  existence  of  a 
chemically  piu-e  substance.  The  three  factors  most  important  in 
the  choosing  of  a  physical  constant  for  determining  the  composi- 
tion of  alcohol- water  mixttu'es,  or  any  other  binary  mixture,  are, 
first,  sensitiveness,  determined  by  the  rate  of  change  of  the  given 
constant  with  change  in  composition;  second,  accuracy  of  the 
determination  of  the  physical  constant;  third,  ease  and  range  of 
applicability.  The  first,  though  depending  somewhat  on  the  sec- 
ond and  third  factors,  is  more  or  less  fixed,  being  essentially 
dependent  on  the  nature  of  the  components.  The  second  and 
third  factors  depend  largely  on  the  state  of  experimental  physical 
science,  and  consequently  change  as  science  progresses.  The  study 
of  the  relation  between  physical  constants  and  composition  in  the 
binary  mixttu'e  ethyl  alcohol-water,  in  order  to  get  light  on  the 
first  factor  above  mentioned,  has  been  taken  up  thoroughly  for 
only  a  few  constants.  The  density  and  thermal  expansion  have 
been  studied  most  extensively  because  of  their  early  application 
to  alcoholometry.  In  the  determination  of  the  physical  constants 
of  ptu-e  ethyl  alcohol,  as  a  rule,  little  attention  has  been  paid  to 
436 
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the  possible  water  content  and  its  effect.  A  critical  analysis  of 
the  results  already  obtained  on  other  constants  besides  those 
above  mentioned  and  the  redetermination  of  many  of  them  are 
contemplated  at  this  Bureau.  The  compilation  of  this  bibliog- 
raphy is  a  prelhninary  step  in  that  dkection. 

No  attempt  has  been  made  to  cover  the  more  technological 
parts  of  the  subject  or  the  chemistry  of  alcoholic  fermentations. 
Acknowledgment  is  made  of  the  valuable  help  given  by  Dr.  W. 
Bein,  of  the  **  Kaiserliche  Normal-Eichungs  Kommission,"  Berlin, 
m  the  preparation  of  this  part  of  the  work. 

1.  REFERENCES  m  CHRONOLOGICAL  ORDER 

Each  reference  is  made  up,  where  the  complete  information  is 
available,  of  the  name  of  author  or  authors,  the  journal  in  which 
presented,  the  extent  of  the  article,  and  the  year  in  which  pub- 
lished except  where  the  chronological  arrangement  shows  that 
information.  The  references  of  special  interest  with  respect  to 
the  work  of  this  paper  are  provided  with  an  asterisk.  Special 
parts  of  extensive  articles  are  indicated  by  the  page  ntunber. 
Notices  of  the  abstracts  are  also  included  in  the  majority  of  cases. 

The  references  are  arranged  chronologically  by  years  and  alpha- 
betically within  the  year.  They  are  numbered  consecutively. 
The  accompanying  ntunbers  in  italics  refer  to  the  decimal  classifi- 
cation of  the  subject  matter  and  show  the  subjects  treated  of  in 
the  article  in  a  much  more  complete  manner  than  the  title. 

The  abbreviations  are,  with  few  exceptions,  those  used  by  Chem- 
ical Abstracts,  published  by  the  American  Chemical  Society. 
C.  B.  has  been  used  to  indicate  "Chemisches  Zentralblatt "  and 
J.  B.  the  '*  Jahresberichte  iiber  die  Fortschritte  der  Chemie  tmd 
verwandter  Telle  anderer  Wissenschaften." 
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2213  Malactilar  Agrapitfan.    i>  sairlaHan  and  DiiatclaHen  463, 507, 585, 618, 672, 673,  695, 709, 
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22223  Chanca  With  AhaorpdonalOaaaa  207. 324, 373, 421, 512, 795, 956. 1376. 
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Pbyikal  PfopeiUes— Continued, 
fli  Bthyl  AlGolud— Continued. 

Medianica]  Piopeitlet— CootJntied. 

2223  Critical  Phenoment.    Conefpoidlnf  Stetec  251.  302, 340, 342, 346, 990^  992, 404, 42(,  429^ 

4S8,  490, 505,  579,  652,  654,  726,  728,  742,  755,  805.  827,  871,  921, 963»  1000, 1017, 1041, 10SS» 
1098, 1117, 1277, 1324. 

2224  ]>ifhisku  and  Osmotic  Praatnre  401, 436, 462, 616, 960. 

2225  Surface  Tension  61, 91, 146, 157, 158, 190, 192, 237. 240, 267, 312, 332, 352, 393, 451, 463, 470, 

479, 480, 481, 482, 496, 509, 532, 553, 606, 629. 644, 662, 672, 673, 818, 896, 961, 966, 1108,  U13» 
1137, 1159, 1211, 1289, 1292, 1330. 1350, 1365. 

2226  ViscosUy  and  Fluidity  72, 94, 169, 268, 328, 331, 394, 395, 427, 4S3»  473, 476, 480, 481, 584, 60S, 

643,  677,  718,  766,  881,  947, 1002,  1014, 1025, 1035, 1043, 1075, 1105, 1121, 1136, 1141, 1147, 
1179, 1183, 1187. 1197, 1211. 1228, 1230, 1233, 1234, 1293, 1309^  1363. 

2227  Vapor  Pressure  and  Bvi^Mmttion  132. 133, 154, 176, 228, 340, 371, 372, 401, 404. 412, 427, 44S, 

477. 507, 506, 540. 567. 596, 624, 665, 724, 728, 848, 893, 1088, 1128, 1138, 1206, 1269, 1279, 1315. 

223  Tbetmal  Properties  99, 179, 503, 506, 628, 822, 1166, 1349. 

2231  Specific  Heat  75, 104, 179, 220, 237, 332, 376, 426, 445, 528, 548, 567, 894, 1003, 1065, 1127, 1131, 

1175, 1202, 1212, 1223, 1353, 1355. 

2232  TbemuU  Conductivity  361, 403, 852, 1157, 1337. 

2233  Boiling  Point  37, 79, 82, 83, 84, 92. 128, 137. 151, 154, 172, 199,  231,  237. 406, 445, 448, 462, 488, 

492,  531,  585,  622,  670,  725,  730.  741.  832,  844,  861,  884,  890,  897,  899,  948,  959,  1034,  1067, 
1088,  1122, 1187, 1232,  1269.  1299. 1356. 

2234  Melting  Point  24, 48, 58,  80.  81. 112, 416,  580,  660,  754,  767, 850,  892, 932, 1013, 1073, 1356. 

2235  Ignition  Temperature  898, 977. 

2236  Point  of  Calefactkm  990. 

2237  Heat  of  Vaporization  67,  85,  426,  450,  601,  650,  664,  704,  730,  774,  854, 991, 1048, 1219, 1279, 

1324. 

2238  Heat  of  Fusion. 

2239  Heat  of  Combustion  or  Formation  478, 636, 1010, 1084, 119L 

224  Electrical  Properties  699, 838, 846, 917, 976, 1044, 1063, 1339, 1344. 

2241  Electrical  Conductivity  243.  296, 316, 321, 369, 387, 394,  435, 443,  455, 456, 466, 491, 527,  562, 

568,  637,  649,  651,  657.  658,  701,  710,  722,  723,  734, 810, 815, 828, 837, 839, 843, 881,  914,  937, 
941. 946, 959, 962, 967, 970. 996. 1007, 1014. 1023, 1026, 1039, 1043, 1054, 1075, 1065, 1105  4106. 
1121, 1175, 1176, 1180,1208, 1233, 1234, 1257, 1291, 1299, 1342, 1343, 1352, 1360^  1362. 

2242  Ionic  Dissociation  491, 690,  701, 843, 996. 

2243  Ionic  Velocities  689,  700,  758,  798,  946,  962, 1106. 

2244  Dissociative  Power  690,  843,  882,  887,  888,  914,  937,  939, 1026, 1208, 1342. 

2245  Dielectric  Constant  573, 621, 694,  706,  719.  739,  781, 792, 802, 803, 810, 813, 840, 868, 879, 882» 

930.  963,  1219.  1259. 1260. 1321. 1351. 

2246  Electrical  Absorption  803, 1259. 1260. 

2247  Electrical  Dispersion  761,  842,  856, 1172, 1287. 

2248  Electrical  Reflection  760. 

2249  Electrical  Refraction  760, 769, 1172. 

225  Magnetic  Properties  529. 

2251  Magnetic  Behavior  114, 915, 1241. 1290. 

2252  Magnetic  Susceptibility  514. 849. 

2253  Electro-magnetic  Rotetien  of  the  Plane  of  Polarized  Lii^  431, 457, 609, 676, 748, 949. 

226  Optical  Properties. 

2261  Refractive  Indez  69,  86,  128,  147,  170,  188,  199,  227,  234,  245,  322,  343,  350,  364»  411,  414» 

432,  442.  449,  531,  563,  569,  581.  588,  609,  620,  646,  659,  69%  741.  751.  788^  832,  909.  989i 
1133, 1167. 1174. 1221, 1295. 

2262  Reflecting  Power  1199. 

2263  Absorption  597. 626. 

2264  Absorption  Spectra  322. 819, 1149. 1172. 

2265  Dispersion  188, 199,  234,  245,  322,  350,  405,  406,  414,  449,  531,  578,  609,  646, 909. 

227  Miscellaneous. 

2271  Velocity  of  Sound  in  Vapor  145, 472. 561, 984. 

2272  Velocity  of  Sound  in  liquid  108, 145, 533. 

23  ci  Higher  Saturated  Monohydrlc  Aliphatic  Alcohols  362, 382,  388, 395, 418,  419, 424, 437, 492»  S99i. 

649,  661, 704,  711,  721,  727, 730.  748,  873, 933, 949, 970, 1033, 1043, 1091, 1092, 1094, 1174, 1219, 1220. 
1225, 1232, 1269, 1270, 1310, 1314, 1324, 1363. 

24  ci  the  Saturated  Polyhydric  Aliphatic  Akehois  1234, 1366. 

25  cithe  Unaatunled  Alcstaols327, 388, 424, 437, 992, 1203, 1219. 
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1346. 
ViKMllF  and  PtaidJUr  72.  160.  268.  394,  473.  430;  558.  772.  1025, 1085.  1043. 1099;  1147, 1195, 

1228. 1233.  1262.  1278. 
Vapor  Praatnre  and  »tap«aU«  19.  29,  56. 130. 132. 133.  ISO.  154, 176^  193,  217,  301,  371, 

401,  445.  596.  610.  703.  929. 1005.  1019. 1143. 1209. 1210. 1209.  U18. 1332, 1333.  1335. 
Vapor  CiOipMlttM  aai  TktWF  ol  I>iitiilallHi  31, 34, 36. 60;  95, 130, 184, 186. 189. 191,  212. 
258,  280,  307,  336,  353,  384,  447,  539,  678,  714,  812.  978.  1005.  1019.  1027. 1138. 1143.  1192. 
1209. 1210.  1319,  1320,  1347. 
Thomal  PuftfUoo  822, 1166. 
3231  OfOClflc  HmIs  153,  226.  237.  246.  263.  285,  335,  362,  374.  440.  445.  447, 1003, 1131,  UTS,  12U. 

1223, 1353. 
Thomal  CondudhMy  559,  852,  919. 

Bollic  ^^tUM  31,  43,  56,  116,  151,  154,  193,  237,  301,  308.  445.  447,  703.  844,  897,  899;  948, 
1027. 1269, 1320, 1348,  1358. 
3234  WUmag  P^tHM  34, 1 10,  242,  294,  355,  686,  707.  708,  743,  920,  ion. 

Ifoilloii  TampanturM  360, 977, 1051. 
PahUa  at  CalaJKtioo  990. 
HaalB  al  Vapariaattoii  450;  647. 
Haala  al  Fuatai* 

Haal  d  Mllli«  89,  125,  156,  196. 197,  218,  237.  349,  250.  285.  425.  445.  647,  951,  1064, 113U 
1152. 1236. 
324  XIactrkalPrapaftlaa  914, 1339. 

3241  Badrkal  Caadoctlvlllaa  304,  369,  387,  394.  454,  611,  632.  663.  710.  715.  815.  946.  959.  979. 

985. 1042. 1043. 1054, 1176. 1233. 

3242  lank  dlaaoclafton  632. 683.  740.  773. 

3243  lank  fatodOaa  683. 700. 946. 1042. 

3244  Diaaadalhra  Fawar  683. 

3245  Dialactrk  Canatanta  719, 813, 916, 1260. 

3346  Badrkal  Abaorpdon  1260. 

3347  Slactrkal  Dtaparalao  1172. 

3248  Slactrkal  Raflacttoo  760. 

3249  Slactrkal  Rafiactkn  760. 1172. 
325 
3251 
325»  Ifagnatk  SnaoapUblllly. 

3253  Sladra-mafiiatk  Ratatkn  d  tlia  Ptaoa  al  Paiaflaad  Ufbt  475. 1304. 

3261  Rainctha  Indkaa  69. 144, 170.  245,  432;  568, 581. 68U  602. 832, 972. 1108;  1167, 1174. 1M8; 

1221,  1278, 1302. 1305, 1307. 
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3263 
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Phytkal  Pnpeftiat— Continued 

•f  Ethyl  Alcobol-Water  JilitiirM— Continiied 
32?  MteeallanMns. 

32?1  Velocity  of  Sound  In  Mixed  Vapors. 

3272  Velocity  of  Sound  In  the  Mixed  Uquklt. 

3273  Velocity  of  Reectlong  612,  683,  SS3.  878. 1046, 1062, 1076, 1090, 1100, 1140^  1184, 1228,  1235. 

1264, 1283, 1288, 1325, 1329, 1341. 
38  if  Higher  Setnnted  Monohydrk  Aliphatic  Akohol-Water  Mlxtofee  279,  362,  600,  642,  697,  967, 

1210, 1220, 122S,  1269, 1270. 

34  el  Satniated  Polyhydric  Aliphatic  Akohol-Water  BCIxtures. 

35  el  the  UnaatunUed  Akohol-Water  MIxturea  1203. 

4  BquUlbrlum  Relatkna  In  ayilema  of  two  or  more  cemponenta  1146. 

41  lor  Methyl  Alcohol  and  Methyl  Akohol-Water  Mixtures  38S,  648,  693,  784,  791,  887,  944,  1057, 

1233, 1313. 
4C  lor  Bthyl  Alcohol  and  Bthyl  Akohol-Water  Mixtures  317, 540, 558,  594,  618,  671, 699, 754, 822, 823, 

893,  899,  948, 1021. 
421  With  Oases  135, 139,  211,  310,  391,  469,  486,  495,  553,  564,  599,  616,  748,  795,  885,  907,  940,  981, 

995, 1159, 1200, 1345, 1352, 1373. 
432  with  Liquids.    Hyiiescoplcity  359,  466,  498,  499,  50Q,  698,  609,  762,  831,  859,  861,  884,  890.  931, 

988, 1009, 1028, 1058, 1076, 1095, 1138, 1230, 1233, 1252, 1274, 1278, 1281, 1282, 1283, 1308»  1340^ 

1362, 1366, 1368. 
428  with  Solids  63, 98, 120, 174,  203, 317, 318, 345, 385, 582, 603,  610,  628,  648,  691,  693,  696,  721, 72S» 

731,  737, 762,  771, 777, 794,  797,  807, 815, 836, 841,  860,  924, 927, 929, 941, 944, 1044, 1074^  1009, 

1111, 1123, 1130, 1134, 1145, 1160, 1163, 1206, 1223, 1243, 1243, 1256, 1275, 1300, 1313, 133(V  133S» 

1357. 
434  Vapor  Composition  and  Plsffllatton  el  Non-aqueoua  Bflxtuies  733, 884, 897, 988»  1052. 

425  Elevation  of  the  BolUng  Pofait  701, 725, 730, 887, 1122, 1128, 1254, 1272, 1342. 

436  Depression  of  the  Freexini  Point  513, 698, 873, 968. 

43  lor  the  Higher  Saturated  BConehydrk  AUphatk  Akohols  and  Their  Mixtures  with  Wsler  603^ 

727,  825, 1155. 

44  lor  the  Saturated  Pelyhydrk  AUphatk  Alcohols  and  Their  Mixtures  with  Water  1366. 

45  lor  the  Unaaturated  Akohols  and  Their  Bflxturea  with  Water  693. 

5  Chemical  Behavior  829. 

51  el  Methyl  Alcohol  288, 523, 821, 1184. 

52  el  Ethyl  Alcohol  806, 829, 1030. 

521  Readiona  with  Other  Substances  42,  74,  213,  219,  253,  256,  315,  434,  535,  762,  829,  945,  997, 

999, 1015, 1032, 1101, 1124^  1142, 1226, 1235, 1297, 1308, 1375. 
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A  MICROPYROMETER 


By  Geoige  K.  Baigeas 


Some  time  ago  a  method  was  described '  suitable  for  the  rapid 
estimation  of  the  melting  points  of  minute  specimens — as  fine  as 
o.ooi  milligrams  or  less.  A  microscope  and  an  optical  p}rrometer 
were  sighted  through  a  window  of  mica,  or  of  plate  glass  (in  case 
of  melts  in  vacuo) ,  simultaneously  on  an  inclosed  metallic  strip, 
such  as  platinum,  heated  electrically,  and  upon  which  was  placed 
the  specimen  to  be  melted. 

Evidently  this  apparatus  may  be  simplified  by  combining  micro- 
scope and  p}rrometer  into  a  single  instrument,  thus  permitting  a 
single  observer  to  watch  the  melting  and  meastu'e  its  temperature. 
This  is  eflfected  by  mounting  within  the  Huyghens  eyepiece  of  an 
ordinary  microscope  a  small  incandescent  lamp,  which  is  in  series 
with  a  rheostat  and  ammeter.  The  tip  of  the  filament  of  the  lamp 
is  set  to  the  same  brightness  as  the  platinum  strip  viewed  from 
above  at  the  instant  of  melting  of  the  metallic  or  other  specimen 
on  which  the  microscope  is  focused.  The  eye  of  the  observer, 
therefore,  sees  the  specimen,  the  platinum  strip,  and  the  lamp 
filament  all  in  focus  at  once,  and  the  current  through  the  lamp  is 
taken  as  a  meastu-e  of  the  temperattu-e  of  the  strip  as  in  the  Morse 
or  Holbom-Ktu-lbaum  pyrometer.  In  practice,  the  observer  with 
one  hand  raises  the  temperature  of  the  platintun  strip  by  increasing 
the  electric  current  through  it  by  means  of  a  fine-step  rheostat 
and  with  the  other  hand  adjusts  the  rheostat  in  the  pyrometer 
circuit  so  as  to  continuously  match  in  brightness  the  lamp  filament 
and  platintun  strip.  The  eyepiece  is  furnished  with  a  piece  of 
monochromatic  glass,  such  as  Jena  red  filter  No.  F  4512.  For 
temperattu-es  above  which  the  lamp  should  not  be  biuned,  say 

>  O.  K.  BuTSCtt:  Mdtliif  FobiU  of  the  Iron  Group  Elements  by  •  New  Karitotkw  Method,  Boll.  Bufcan 
cf  Standsfdt,  t,  p.  345;  1907. 
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1400^  C,  an  absorption  glass  is  placed  between  the  microscope 
objective  and  furnace  window.  The  inside  of  the  metallic  con- 
tainer or  furnace  should  be  blackened  to  prevent  tmdesirable 
reflections  of  light  from  the  waUs. 

The  calibration  of  the  p}rrometer  as  sighted  upon  the  platinum 
strip  in  the  furnace  may  be  made  in  two  ways.  The  first,  which 
was  the  only  method  available  when  the  earlier  form  of  this  ap- 
paratus was  brot^ht  out,  due  to  the  dearth  of  well-known  fixed 
points  in  the  temperature  range  studied,  consists  in  calibrating 
the  pyrometer  in  the  customary  manner  and  then  applying  the 
corrections  at  the  temperatures  of  melting  for  the  emissivity  of 
platinum,  furnace  atmosphere,  and  window,  and  for  the  surface 
tension  of  the  melting  specimens  when  necessary. 

The  second  method,  which  appears  to  be  the  more  accurate  and 
also  more  convenient,  consists  in  observing  the  lamp  currents  at 
the  known  melting  points  of  two  or  more  pure  substances,  such 
as  gold,  nickel,  cobalt,  and  palladium,  and  from  the  equation  ex- 
pressing the  relation  between  temperature  and  cturent  in  lamp 
the  temperature  of  melting  of  any  specimen  may  be  computed. 
For  not  too  great  temperature  intervals  we  may  use  the  equation 
log  c  — a+b  log  t,  whidi  permits  calibration  with  two  fixed  points 
only. 

This  second  method  of  calibration  has  the  further  advantage 
that,  for  materiab  of  approximately  the  same  general  properties, 
the  error  of  method  is  eliminated.  Thus,  in  the  case  of  metals 
which  alloy  with  platinum,  the  effects  of  allo3ring,  conductivity, 
and  of  surface  tension  enter  into  the  calibration  as  well  as  into 
the  determination  of  the  unknown  melting  point,  so  that  any 
outstanding  error  will  be  but  a  residual  one.  In  the  case  oi 
substances  of  dissimilar  properties,  such  as  salts  and  metals,  this 
iq>paratus  must  be  used  with  caution,  for,  in  general,  a  calibra- 
tion made  in  terms  of  the  metal  melting  points,  for  example,  will 
not  serve  for  the  exact  determination  of  the  melting  points  of 
salts. 

The  precision  of  the  method  is  dependent  mainly  upon  the  char- 
acter of  the  melting  of  the  substances  observed.  With  metab 
such  as  gold  and  nickel,  which  melt  very  sharply,  a  precision  of 
I  *^  or  2*^  C  is  obtainable. 


A  Micropyrometer 


o 
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The  apparatus  as  constructed  at  the  Bureau  of  Standards ,  largely 
from  suggestions  due  to  Messrs.  Crowe  and  Poote,  of  this  Bureau, 
is  shown  in  Pig.  2,  in  which  L  is  the  pyrometer  lamp,  R  the 
monochromatic  glass,  A  the  absorption  glass,  P  the  platinum  strip 
carrying  the  specimen,  C  the  furnace  window,  B  an  air  blast  for 
cooling  the  surface. 

Pig.  I  is  a  photograph  of  the  apparatus  arranged  for  taking 
melting  points  in  a  hydrogen  vacuum.  The  microscope  has  a 
Bausch  and  Lomb  48-mm  single  achromatic  lens  and  6.4  x  eyt- 
piece  and  gives  sufiSdently  good  definition  and  magnification  and 
a  large  enough  field  of  view  for  melting  point  observations.  The 
working  distance  of  the  objective  may  be  increased,  if  desired,  by 
the  device  employed  by  Robin  '  of  inserting  a  biconcave  lens  at 
D,  slightly  back  of  the  focus  of  the  objective.  This  necessitates 
lengthening  considerably  the  draw-tube  and  reduces  the  area 
sighted  upon. 

The  microp}rrometer  may,  of  course,  be  used  for  the  estimation 
of  temperatures  of  incandescent  surfaces  simultaneously  with 
their  examination,  and  thus  becomes  a  useful  instrument  in 
metallographic  and  microchemical  and  physical  investigations  at 
high  temperatures. 

The  apparatus  is  being  used  at  the  Bureau  of  Standards  for  the 
determination  of  melting  points  and  emissivities  of  the  refractory 
elements  and  alloys,  and  the  author  will  be  glad  to  receive  pure 
samples  (a  few  hundredths  milligram),  particularly  of  the  rarer 
elements  for  such  determinations. 

Washington,  December  9,  191 2. 

*  p.  Robia:  Mfcrotoopc  k  loogue  poiUt  etc..  Ball  dc  U  SodtU  d'Bacounigcmciit,  118;  p.  904;  x9u. 


A  SIMPLIFIED  FORMULA  FOR  THE  CHANGE  IN  ORDER  OF 
INTERFERENCE  DUE  TO  CHANGES  IN  TEMPERATURE  AND 
PRESSURE  OF  AIR 


By  Irwin  G.  Prieit 


A  change  in  the  density  of  the  air  between  two  interferometer 
mirrors,  as  in  the  Pabry-Perot  interferometer  or  the  Pizeau  appa- 
ratus for  expansion  coefficients,  by  altering  the  refractive  index, 
causes  a  change  in  the  optical  difference  of  path  and  in  the  order 
of  interference.  The  change  in  density  may  be  occasioned  by 
either  a  change  in  the  temperature  or  in  the  pressure,  and  the 
relation  holding  between  the  refractive  index  (ji)  and  the  density 
(d)  is  expressed  by  Gladstone  and  Dale's  law: 


d 


»  constant. 


In  the  interference  method  for  expansion  coefficients  a  correction 
must  therefore  be  applied  to  the  observed  change  in  the  order  of 
interference,  to  take  account  of  any  change  in  the  density  of  the 
air.    The  following  formula  for  this  correction  was  published  by 

Pulfrich  in  1893:  * 

6,    II  r^o*- 


a:=/(/,-o 


760  I  +oct^  i+«^L 


0.] 


Where: 

/  =  distance  between  mirrors. 

^  =  lower  temperattu'e  (in  degrees  centigrade) . 

/,  =  upper  temperattu'e. 

bi  =  pressiu-e  in  mm  of  mercury  at  temperature  t^. 

6,  =  pressiue  in  mm  of  mercury  at  temperature  /,. 

a  =  expansion  coefficient  of  air. 

fjL = refractive  index  at  o®,  760. 

X  =  wave  length. 

1  ZsJOr  Instrk.,  It,  p.  456.    The  sign  of  the  ezpressioo  in  the  orifiiutl  paper  it  reverted  if  the  uipfCiiion 
it  to  represent  the  ccntxHoa,  not  the  error. 
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The  above  formula  has  been  used  by  Reimercks,  Randall,  and 


Some  months  ago  I  derived  independently  the  following  much 
simpler  formula  for  the  same  correction: 


-(r 


K 


+  at^      l+cdj  L380XJ 


After  using  this  formula  at  the  Bureau  of  Standards  for  several 
months,  I  noticed  that  the  Pulfrich  formula  could  be  reduced  to  it 
by  simple  algebraic  transformations. 

The  part  of  the  expression  in  square  brackets  is  constant  for 

constant  wave  length.    The  value  of  may  be  obtained  from 

the  Landcdt-BOmstein  tables  or  from  a  graph  constructed  for  the 
temperatures  most  frequently  used.  Assuming  the  use  of  the 
same  reference  tables  in  each  case,  and  that  the  constant  parts  of 
each  expression  have  been  evaluated,  the  operations  required  to 
obtain  a  numerical  value  are  as  fellows: 


a..Mi.<«. 

M^tWflffffHfff 

DlihliM 

PMBin  Ikb 

3 

• 

1 

ll.wta 

1 
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• 

The  following  is  the  derivation  of  the  new  formula: 
In  addition  to  above  symbds,  let  /ii,  ^;  n^,  n,;  d^,  d^  represent 
refractive  indices,  orders  of  interference,  and  densities  of  air  at 
temperatures  i^  and  /,,  respectively.    Let  X  be  the  wave  length 
in  vacuo. 
Then 


ni 


(I) 


2^/ 


(2) 


n^-fh 


2/0*1 -Ml) 


(3) 
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By  Gladstone  and  Dale's  law 

M,  =  H-cd,  (4) 

Mi  =  i+^rfi  (5) 

Where  C"- Gladstone  and  Dale  constant.  But  by  the  sunple 
gas  laws, 

'^"(Tm^  760  (^^ 

and 

'"■(i+«0  760  ^"^ 

Where  ^^"d^Jisity  of  air  at  o®  and  760  mm.     Representing 

M  —  I 

c  by  ^-;t—  ,  substituting  (7)  and  (6)  in  (5)  and  (4) ;  and  (5)  and  (4) 
in  (3) ,  and  simplifying  we  find 

^       ^"    380X     V     I+«<2         I+«^l/ 

This  is  the  change  in  the  order  of  interference  as  the  temperature 
increases  from  ^  to  /,  and  the  pressure  changes  from  6|  to  6, 
(increase  or  decrease).  The  correction  is  the  above  expression 
with  sign  reversed,  thus: 


^  '^ Vi  +U     I  +W  U8oxJ 


WASfflNGTON,  October,  191 2. 


rig.  1.  -Nem  form  of  calorimeliic  resistance  thermomelers. 


NEW  CALORIMETRIC  RESISTANCE  THERMOMETERS 


By  H.  C.  DickintoD  and  E  F.  Mueller 


Since  the  publication  of  the  paper '  *  Calorimetric  Resistance  Ther- 
mometers and  the  Transition  Temperatiu-e  of  Soditmi  Sulphate  "  * 
improvements  made  in  the  type  of  resistance  thermometer  there 
described  have  changed  it  from  a  special  laboratory  instrument 
into  one  of  extensive  application  for  precision  measurements  of 
temperature  in  the  interval  -  i8o^  to  +  i8o®,  or,  with  slight  modi- 
fications, up  to  500*^  *.  Since  these  instruments  have  now  been 
put  on  the  market  and  a  considerable  number  are  in  use,  a  descrip- 
tion of  the  newer  form  may  be  of  interest. 

This  paper  is  intended  merely  as  a  general  description  and  not 
as  a  set  of  working  directions.  Information  as  to  methods  of  con- 
struction and  necessary  precautions  will  be  ftunished  to  anyone 
desiring  to  make  thermometers  of  this  type. 

The  thermometers  described  in  the  earlier  paper  were  somewhat 
limited  in  their  applicability  because  of  the  presence  of  solder  in 
the  sheath,  of  hard  rubber  at  the  upper  end  of  the  sheath,  and  of  a 
wax  joint  between  the  metal  and  the  hard-rubber  head.  The  wire 
used  was  0.02  mm  in  diameter,  which  limited  the  sensibility  by 
reducing  the  allowable  measuring  current,  thus  rendering  necessary 
the  use  of  very  sensitive  galvanometers. 

The  type  of  thermometer  now  in  use  is  the  result  of  a  gradual 
development  in  the  course  of  which  a  ntunber  of  thermometers 
have  been  constructed.  Two  of  the  new  thermometers  are  shown 
in  Fig.  I  and  details  of  construction  in  Fig.  2.  The  changes  made 
have  led  to  a  greater  ease  of  construction,  robustness,  reliability, 
and  general  utility. 

1  Thif  Biilledii.  t,  p.  640.  Reprint  No.  68. 
'UptothbtimetheseinstntmentshaveactuaUybeenusedonlybetwcentheltmiUof  —  i8o*aii^  +150*. 
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Fig.  2. — Diairemmatic  skttek  ^ parts  of  thtrmomtttr,  s^Mrattd  lo  ihoio  constmcUoH, 
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Coil. — The  coil  is  of  the  purest  Heraetis  platinum  wire  o.  i  mm  in 
diameter,  a  length  of  about  2.2  meters  being  wound  in  a  flat  bifilar 
coil  about  8  cm  long  and  7  mm  broad,  on  one  end  of  a  mica  strip, 
which  is  about  18  cm  long,  and  0.2  mm.  thick. 

The  turns  of  wire  are  held  in  place  by  notches  in  the  sides  of  the 
mica  strip  and  are  spaced  about  14  turns  to  the  centimeter.  The 
coil  is  insulated  from  the  surrounding  sheath  by  strips  of  mica 
somewhat  wider  and  thinner  than  that  on  which  the  coil  is  wound. 
Before  winding,  the  wire  is  annealed  by  heating  to  a  high  tempera- 
ture, 1000^  to  1200°  C  by  passing  an  electric  current  through  it. 
After  winding  and  attaching  the  leads,  i.  e.,  after  the  coil  is  so  far 
completed  as  not  to  reqtiire  f tirther  handling,  it  is  carefully  washed 
in  distilled  water  to  remove  all  traces  of  hygroscopic  salts  and  is 
then  heated  to  a  bright  red  by  means  of  an  electric  current  to  drive 
off  all  volatile  matter,  and  to  reanneal  the  wire. 

Leads. — ^Three  forms  of  connection  are  adapted  to  use  respectively 
with  (a)  a  shunted  bridge  only ;  (b)  a  shunted  bridge  or  a  slide- 
wire  bridge;  (c)  a  shunted  bridge,  a  Kelvin  bridge,  a  differential 
galvanometer,  or  a  potentiometer.  The  connections  are  made  as 
shown  in  Pig.  3.  In  all  three  types  the  effect  of  lead  resistance 
is  eliminated. 


3 


Fig.  3 

The  leads  for  any  of  these  forms  are  made  of  thin  strips  of  No. 
36  B.  &  S.  gage  (0.13  mm)  copper  2  to  3  mm  wide;  but  in  a  single 
thermometer  all  are  made  alike.  In  the  forms  (a)  and  (c)  the 
copper  lead  is  separated  from  the  branch  point  by  from  1 5  to  20 
mm  of  the  o.i-mm  platinum  wire.  In  .the  form  (b)  the  compen- 
sating loop  is  closed  by  a  piece  of  this  wire  3  or  4  cm  long.  All 
platintun  joints  are  made  by  fusing  with  an  arc,  using  a  pure 
graphite  electrode,  while  the  copper  platintun  joints  are  made 
either  by  welding  or  with  silver,  using  borax  as  a  flux.  The  flat 
copper  strips  extend  to  just  beyond  the  mica  strips,  where  they 
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are  silva'-s<rfdered  to  No.  20  copper  wires,  which  are  threaded 
through  glass  tubes.  If  suitable  rolls  are  available,  it  is  preferable 
to  roll  down  the  wires  at  the  ends  to  take  the  place  of  the  copper 
strips. 

Sheath. — ^The  sheaths  are  made  of  thin  drawn  silver  or  (prefer- 
ably) platinum  tubes  7  mm  in  diameter,  15  to  18  cm  long,  and  of 
about  0.12  mm  wall  thickness  for  the  platinum  and  up  to  0.2  mm 
for  the  silver.  These  tubes  are  partially  flattened,  as  shown  in 
Pig.  I,  and  after  the  coil  is  inserted  are  closed  at  the  ends  by 
fusing  ¥nth  an  arc,  and  pressed  down  onto  the  coil. 

Heads. — ^The  heads  are  made  entirely  of  glass  and  consist  of 
four  pieces,  as  shown  in  Pig.  2 — ^the  stem,  drjring  capsule,  and  two 
small  caps.  The  stems  are  usually  attached  to  the  metal  cases 
by  platinizing  the  glass,  which  is  just  large  enough  to  slip  into 
the  metal  tube,  and  then  soldering  the  glass  and  metal  together 
with  ordinary  soft  solder.  As  this  solder  melts  at  about  190^  C, 
thermometers  to  be  used  above  this  temperature  have  the  case 
made  of  platinum,  which  is  fused  directly  to  the  glass.  This 
method  requires  a  rather  large  joint  between  the  glass  and  plati- 
num. The  glass  must  be  of  special  composition  (such  as  Jena 
397™)  and  the  work  carefully  done  to  avoid  breaking  at  this  point. 

The  upper  part  of  this  tube  is  shaped  to  provide  grooves  for  the 
lead  wires,  which  are  brought  out  between  the  tube  and  the  stem 
of  the  dr5ring  capsule.  The  drying  capsule  is  sealed  in  with  Kho- 
tinski  cement,  the  wires  passing  out  through  this  cement. 

The  drying  capsule  is  about  half  filled  with  asbestos  wool,  the 
small  inside  glass  cap  serving  to  prevent  loose  particles  from  drop- 
ping into  the  tube  below.  The  rest  of  the  capsule  is  filled  with 
phosphorus  pentoxide.  When  the  small  upper  cap  is  cemented 
on,  the  thermometer  is  kept  warm  to  prevent  the  internal  pressure 
becoming  larger  than  one  atmosphere  when  the  thermometer  is 
subsequently  used  at  the  higher  temperatures. 

Outside  leads. — ^The  coil  leads  are  soldered  to  pins  or  small  copper 
tubes  held  in  a  fiber  collar  which  is  cemented  to  the  glass  stem. 
To  these  pins  or  tubes  the  flexible  leads  of  No.  18  or  No.  20  silk- 
covered  lamp  cord  are  attached.  These  leads  are  as  nearly  as 
possible  alike,  both  as  to  length  and  total  resistance,  and  prefer- 
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ably  not  more  than  2  or  3  m  long.  The  battery  leads  in  forms 
(a)  and  (c)  may  be  of  No.  22  wire.  These  wires  are  so  protected 
at  the  soldered  joints  as  to  prevent  sharp  bending.  This  may  be 
accomplished  by  threading  the  wire  through  the  copper  tubes  and 
making  the  soldered  joint  at  the  lower  end. 

Essential  Features. — It  is  worth  while  to  emphasize  some  of  the 
points  to  which  attention  had  to  be  given  to  make  thermometers 
of  this  type  successful.  Some  of  these  are  essential  to  the  success 
of  any  type  of  resistance  thermometer  and  have  been  duly  empha- 
sized in  many  other  publications.    The  more  important  are: 

1 .  Securing  and  maintaining  a  kigh  insulaUon  resistance  by  tak- 
ing care  when  making  up  the  coils  to  secure  absolute  cleanliness 
and  freedom  from  foreign  matter  and  then  sealing  a  drying  agent 
inside  the  thermometer. 

2.  Mounting  in  such  a  way  as  to  avoid  subjecting  the  resistance 
wire  to  strains. 

3.  Providing  close  contact  between  the  wire,  insulating  material, 
and  sheath  (the  total  thickness  is  less  than  i  mm),  reducing  the 
lag,  and  thereby  allowing  the  use  of  a  relatively  large  measuring 
current. 

4.  Using  the  compensating  leads  to  eliminate  not  only  the  effect 
of  variable  resistance  of  the  thermometer  leads  due  to  var3rin^ 
temperatures,  but  also  the  effect  of  thermal  conduction  in  tJiiese 
leads  by  having  a  loop  of  the  same  wire  which  is  used  for  the 
coil  attached  to  the  compensating  leads. 

5.  Eliminating  thermoelectric  troubles  due  to  copper-platinum 
junctions  by  having  all  such  junctions  down  in  the  sheath  close 
together,  where  they  will  all  be  immersed  in  the  bath  the  tem- 
peratttfe  of  which  is  to  be  meastu'ed. 

All  of  these  features,  with  the  possible  exception  of  the  drying 
agent,  are  essential  to  this  t)rpe  of  thermometer. 

Constants  of  the  Thermometers. — ^The  thermometers  made,  up  to 
the  present  time,  have  been  constructed  to  have  a  resistance  such 
that  the  change  between  0°  and  100®  C  is  very  nearly  10  ohms, 
which  requires  a  resistance  of  about  25.6  ohms  at  a  temperature 
of  o^  C.  Computation  of  temperatures,  and  particularly  of  tem- 
perature differences,  is  very  much  facilitated  by  this  means,  since 
nearly  all  computations  can  be  made  with  a  lo-inch  slide  rule. 
89420**— 13 2 
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If  the  thermometer  is  to  be  used  solely  for  calorimetric  work,  a 
resistance  of  25.3  ohms  at  o^  C  is  convenient,  giving  about  o.i  ohm 
per  degree  at  20°. 

The  wire  used  in  these  thermometers  being  of  the  purest  plati- 
num obtainable,  the  fundamental  coefficient  is  0.00391  as  agamst 
0.00336  for  the  wire  used  in  the  older  type.  The  value  of  S  (in 
the  Callendar  formula)  is  for  these  thermometers  about  1.47 
when  computed  from  observations  at  o^,  50^,  and  100^  or  at 
o^,  32?384,  and  100®  as  against  1.55  for  the  older  thermometers. 

Measuring  Current. — ^The  current  generally  used  with  these 
thermometers  is  5  to  6  milliamperes.  This  causes  a  rise  of  tem- 
perature of  the  wire  above  that  of  a  water  bath  in  which  the 
thermometer  is  immersed,  of  the  order  of  o?oo2,  varying  some- 
what in  individual  thermometers.  This  amount  of  heating  is 
entirely  permissible  when  measurements  are  to  be  made  to  o?oooi , 
since  the  ciurent  may  change  by  over  2  per  cent  without  produc- 
ing a  change  of  o?oooi .  In  fact,  the  measuring  current  is  limited, 
not  by  the  amotmt  of  the  heating  but  by  the  fact  that  the  bridge 
is  tmbalanced  with  the  current  off,  so  that  closing  the  battery  dr- 
ctiit  causes  a  throw  of  the  galvanometer.  It  is  the  desirabiUty  of 
Itmiting  the  heating  so  that  equilibrium,  within  the  limit  of  read- 
ing, shall  be  established  in  a  time  not  much  longer  than  the  period 
of  the  galvanometer  swing,  that  fixes  the  convenient  limit  to  the 
meastuing  current. 

Performance. — ^The  behavior  of  these  thermometers  has  been 
very  satisfactory,  although  some  have  proven  a  little  more  con- 
stant than  others.  The  best  of  them  have  shown  variations  of 
less  than  o?ooi,  in  melting  ice  from  time  to  time,  during  two 
years  or  more ;  what  proportion  of  this  observed  change  is  attrib- 
utable to  the  thermometer  and  what  to  the  resistance  coils  of  the 
bridge  and  the  standard  of  reference  or  to  the  actual  changes  in 
the  temperature  of  the  ice  bath  is  tmcertain.  Such  variations  do 
not  necessarily  produce  any  such  error  in  the  measurement  of 
temperature  changes.  In  fact,  there  is  nothing  to  indicate  that 
these  thermometers  are  tmreUable  for  such  meastu-ements  even  to 
the  extent  of  o?oooi .  The  thermometers  mentioned  were  of  the 
3-lead  (Fig.  3,  a)  type,  so  that  the  variations  referred  to  include 
variations  in  the  stranded  leads.     Inasmuch  as  this  has  been  con- 
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sidered  a  serious  soxirce  of  error,"  it  is  well  to  call  particular  atten- 
tion to  this  point.  With  care  in  handling  leads  the  variations 
have  never  exceeded  o.oooi  ohm. 

Defects. — ^The  variations  in  the  resistance  of  the  stranded  leads 
may  become  serious  if  they  are  carelessly  handled  so  as  to  break 
one  or  more  strands.  This  will  manifest  itself  by  erratic  changes 
in  the  apparent  resistance  when  the  thermometer  is  at  a  constant 
temperattu'e.  Other  causes  of  variation  such  as  strains  in  the 
wire  will  usually  be  detected  and  should  be  eliminated  dtuing  the 
original  calibration. 

The  presence  of  moisttu'e  in  the  thermometer,  due  to  a  leak  or 
to  exhaustion  of  the  dr3dng  material,  may  occur.  The  resulting 
phenomena  are  very  characteristic  and  easily  recognized.  If  the 
bridge,  with  the  thermometer  in  circuit  and  galvanometer  circuit 
closed  and  a  key  in  the  battery  circuit,  is  balanced  by  adjusting 
resistance  with  the  battery  key  closed,  then  on  opening  the  bat- 
tery circuit  there  will  be  a  large  deflection  of  the  galvanometer, 
which  gradually  diminishes  and  on  closing  it  again,  another  large 
deflection  in  the  opposite  direction.  The  latter  slowly  diminishes 
if  the  circuit  is  kept  closed.  This  phenomenon  is  readily  dis- 
tinguished from  that  due  to  the  use  of  an  excessive  meastuing 
current,  by  the  absence  of  the  galvanometer  deflection  in  the 
latter  case,  when  the  battery  circuit  is  opened. 

The  presence  of  moisttu-e  also  reduces  the  insulation  resistance 
between  the  coil  and  sheath.  This  insulation  resistance  is  easily 
tested  and  should  exceed  200  megohms. 

Difference  Formula. — ^The  ordinary  Callendar  equations  are  very 
convenient  for  most  computations,  but  for  computation  of  tem- 
perature differences  the  calctdation  may  be  made  much  more 
simple  by  the  use  of  a  single  factor. 

The  Callendar  equations  are 

P^  ^  D~ — ^  ^^^>  ^^  since  R^oo —Ro'^'Ro  (looc) 
^,_R,-Ro  (1) 

^^    R:r 

*  p.  B.  Smith:  Phil.  Mac.  [VT].  %4,  p.  54a;  1913. 
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and 

\ioo      / 100 
These  two  eqtiations  are  easily  combined  into  a  single  one 

Rt~R.{i  -hat-hfit*)  where  (3; 

a-C|  I  H- I  and  )9- r 

\       100/  100* 

Suppose  the  difference  of  two  temperatures  t^  and  ^,  is  to  be 
computed  from  the  corresponding  values  Ri  and  R^  we  have, 

/?,-/?<,  (i+a/,+)9V) 

-/^•(<>-0  (ct  +  2  fiT) 

Where  T-^?^*  -mean  t 

2 

or 

This  b  of  the  same  form  as  the  formula  obtained  bv  differentiation 

and  the  condition  that  the  formula  hold  for  finite  differences  is  that 
T  be  the  mean  of  the  two  temperatures,  t^  and  /„  the  difference  of 
which  is  to  be  measured. 

The  formula  may  be  rewritten  in  terms  of  the  constants  used  in 
the  Callendar  formula 

^t /"^  .     ^^v^ R  (5) 


(R 


IM 


\  100         100*/ 


From  (5)  a  table  of  factors  may  be  computed  as  follows:  A 
series  of  values  of  R,  the  mean  of  R^  and  R^  is  assumed,  the  corre- 
sponding values  of  T  are  then  computed  and  substituted  in  the 
formula.  This  table  is  then  used  as  an  interpolation  table  to  find 
^t  when  /?,  and  R^  are  given. 


Dickmsonl 
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The  computation  for  a  thermometer  which  has  the  constants 
-^«"'25.3oi2,/?,oo—i?o ■=9.8902, 5=  1.47  is  given  in  the  table  below. 


R 

P( 

T 

100 

9     ZST 
*^100    100« 

lM«or 

1      RiflD-R« 

26.8 

15.154 

14.97 

la  1110 

1.01030 

ia0079 

16.165 

15.97 

laiiio 

01000 

100 

27.0 

17.176 

16.97 

10. 1110 

00971 

138 

18.188 

17.97 

10. 1110 

941 

168 

19.199 

18.97 

10. 1110 

912 

197 

20.210 

19.97 

10. 1110 

882 

226 

21.221 

20.90 

la  1110 

853 

255 

27.5 

22.232 

21.96 

10. 1110 

823 

285 

23.243 

22.96 

laiuo 

794 

314 

24.254 

23.99 

10. 1110 

765 

343 

25.265 

24.99 

10. 1110 

735 

372 

As  the  constants  from  which  the  table  is  derived  warrant  an 
accm-acy  of  only  i  in  10  000,  the  factors  in  the  last  column  wotdd 
in  practice  be  carried  out  only  to  the  third  decimal  place. 

When  using  such  a  thermometer,  e.  g. ,  in  a  calorimetric  measure- 
ment, all  calculations,  such  as  that  for  cooling  correction,  etc., 
are  made  in  terms  of  resistance  instead  of  temperature,  and  the 
final  value  /?,  —  R^  for  the  change  in  resistance  is  multiplied  by  the 

appropriate  factor  corresponding  to  i?  «  — ^ to  find  /,  —  t^. 

It  appears  that  an  error  due  to  this  method  of  calculation  may 
be  introduced,  since  the  factor  which  should  be  used  is  that  cor- 

^2-1-^1, 


responding  to  T 


-while  the  one  actually  used  is  that  corre- 


sponding to  the  t  defined  by  R^Ro  (i -f  «^-f  iSP).  It  is  easily 
shown,  however,  that  the  error  is  insignificant.  If  we  write 
/a — <i  -  T,  then  a  simple  calculation  shows  that 


T-t 


4{«  +  ^(r+^)}-4(^+2/8D  approxunately. 


If  T=io°  and  T— 0°,  then  from  the  above  T— /  =  o?oo36, 
the  result  depending  only  in  a  minor  degree  on  T.  Prom  the 
table  of  factors  it  is  seen  that  the  factor  changes  by  about  30 
parts  in  100  000  per  d^pree,  so  that  the  error  for  a  10^  rise  amounts 
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to  about  I  in  i  000  000.  Since  the  error  increases  as  the  square 
of  the  temperattuie  difference,  it  follows  that  the  tabk  can  be  used 
for  differences  up  to  30^  before  the  error  becomes  as  large  as  i 
in  100  000. 

Summary. — An  improved  form  of  calorimetric  resistance  ther- 
mometer is  described  and  some  points  of  interest  in  connection 
with  its  use  are  given. 

A  difference  formula  for  simplifying  calorimetric  computations 
is  given  and  its  applicability  shown. 

Washington,  January  i,  1913. 
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L  QUANTFTATIVB  BZPBRIMBNTS,  SECOND  SERIES 

A.  nrntoDucTK>H 

The  second  series  of  quantitative  experiments  b^;an  on  Decem- 
ber 17,  1909,  after  several  months  spent  in  the  work  described 
in  the  second  paper.^  The  first  series  had  been  chiefly  concerned 
with  the  investigation  of  the  filter  paper  voltameter,  and,  together 
with  the  qualitative  investigations,  had  demonstrated  the  action 
of  filter  paper  on  the  silver  nitrate  to  be  so  considerable  as  to 
make  this  form  of  voltameter  unreliable  for  work  of  high  preci- 
sion. In  the  present  series  of  experiments  attention  was  directed 
chiefly  to  the  porous  pot  and  nonseptum  forms  of  voltameters. 
The  apparatus  and  methods  used  were  similar  to  those  previously 
employed  which  have  been  described  in  the  first  paper.'  Some  of 
the  problems  studied  were  the  so-called  "volume  effect,"  the 
trouble  from  anode  slime  in  the  Poggendorff  form  and  the  cause 
of  used  solutions  yielding  somewhat  lower  values  for  the  electro- 
chemical equivalent  than  new  solutions  when  filter  paper  is  ex- 
cluded. 

>  TUs  BalleUfi.  t,  p.  909.  Reprint  No.  S9S*  '  TUs  Bulterin,  f,  p.  157.  Reprint  No.  194. 
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B.  6BNBRAL  TABLE  OF  RESULTS 

Between  December  17,  1909,  and  April  5,  1910,  156  deposits  of 
silver  were  made,  which  are  recorded  in  Table  i .  In  the  column 
giving  the  electrochemical  equivalent  of  silver  the  results  arc 
expressed  in  milligrams  per  coulomb,  which  is  based  on  the 
Weston  Normal  Cell  having  a  voltage  of  i. 01 890  at  25®  C,  because 
this  is  the  value  which  was  in  use  in  the  United  States  prior  to 
January  i,  191 1.  In  the  subsequent  tables  the  results  have  been 
classified  according  to  the  form  of  voltameter  in  which  they  were 
made.  In  these  tables  the  original  figures  for  the  electrochemical 
equivalent  are  given,  and  in  addition  the  voltage  of  the  Weston 
Normal  Cell  computed  from  the  weight  of  deposit,  the  time,  and 
the  electrochemical  equivalent  of  1.11800  mg.  per  coulomb  as 
specified  by  the  London  Conference  of  1908.  In  doing  this,  how- 
ever, a  correction  of  three  parts  in  100  000  to  our  electrical  stand- 
ards has  been  found  necessary  and  has  been  applied.' 

The  electrolytes  are  designated  as  before.  "Baker"  means 
AgNO,  from  the  J.  T.  Baker  Chemical  Co.,  of  Phillipsburg,  N.  J., 
while  "  Frankftut "  indicates  that  the  salt  was  procured  from  the 
Gold-  und  Silber-  Scheide-  Anstalt  of  Frankfurt,  Germany.  In 
some  cases  it  has  been  recrystallized  by  ourselves,  in  which  case 
this  fact  is  noted. 

<B^^^— ^^^— — ^— ^^^i^—       ■■■■■— ■■■■■■■         ■■II  -■■  ■  ■  ■■  ■»..M         ■■■         ■—■         -III  ..         ■  ■■  — ^i^i^^i^^^— — ^M^^w ^B^— 

*  RQKMt  of  the  International  Technical  Committee,  p.  a6. 
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C.  CLASSmBD  RESULTS 

U  THE  SMALL  POROUS  CUP  VOLTAliXTBR 

Dtiring  this  period  of  the  work  we  found  the  small  porotis  cup 
voltameter  to  be  the  most  reliable  and  convenient  form  to  use  as 
a  standard.  It  possesses  important  advantages  in  ease  of  manipu- 
lation, economy  of  materials,  and  reliability  of  results.  Table  2 
shows  the  results  of  44  deposits  made,  using  the  fotu:  small  volt- 
ameters. Two  of  these  were  gold  and  two  platinum  cups,  all 
being  of  the  same  weight  and  capacity.  The  electrol3rte  was  in 
most  cases  new,  prepared  from  pure  silver  nitrate  as  pturchased, 
without  recrystallization.  In  all  but  fotu:  cases  it  was  10  per 
cent  electrol3rte,  in  two  cases  it  was  used  solution  brought  up  to 
10  per  cent  by  adding  new  salt,  in  a  few  cases  it  differed  in  other 
particulars,  all  of  which  are  noted  in  the  table. 

The  average  value  is  1.11703  mg  per  cotdomb,  as  defined  in 
Part  I,  page  190.  This  corresponds  to  a  value  of  i. 01 8275  volts 
for  the  Weston  Normal  Cell  at  20*^  C.  The  average  variation  of  a 
single  determination  from  the  mean  is  3  parts  in  100  000,  which 
we  consider  a  satisfactory  restdt,  considering  that  variations  in 
the  measurement  of  time  and  cturent  enter  as  well  as  appreciable 
variations  in  the  electrolyte. 

The  deposits  were  uniform  in  character,  white  in  color,  alwa3rs 
nonstriated,  adherent,  and  crystalline  as  seen  under  the  micro- 
scope. There  is  very  little  loose  silver,  and  by  the  method  of 
washing  employed  this  is  left  in  the  cups,  so  that  it  is  seldom 
necessary  to  return  silver  in  appreciable  quantity  to  the  cups. 
We  believed  the  silver  nitrate  to  be  very  pure,  but  had  at  this 
time  no  sure  criterion  as  to  how  near  it  was  to  absolute  purity. 
Subsequent  work  with  electrol3rtes  conforming  to  the  tests  de- 
scribed in  Section  II  of  this  paper  has  confirmed  our  belief  in  the 
accuracy  of  the  results  obtained,  using  the  small  porous  cup 
voltameter. 
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TABLE  2 
Smnmry  of  Results  nsiDg  Sfnsll  Riduids  Voliiiiietcis, 


•144-1.11705;  mMnnDtaClMi-  dbS. 
VahM  Iw  W«lMi  Nwaua  C«U- U>ia27»  d  20*  C  oa 
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In  order  to  show  the  reproducibility  of  the  small  porous  cup 
voltameter,  the  weights  of  54  deposits  made  in  pairs  (except  two 
sets  of  three  each),  in  which  the  electrolyte  and  other  conditions 
were  as  nearly  identical  as  possible  in  the  two  cups  of  each  pair, 
have  been  tabulated.  The  following  paragraph,  written  two 
years  ago,  still  represents  our  views  concerning  the  possibilities 
of  this  type  of  voltameter: 

The  average  deviation  of  each  value  from  the  mean  of  each  group  of  two  or  three 
is  only  one  part  in  one  hundred  thousand.  That  is,  when  the  variations  in  the  meas- 
urement of  current  and  time  are  eliminated  and  the  variation  in  the  electrol3rte  is 
removed,  so  that  it  is  simply  a  question  of  how  nearly  two  similar  voltameters  agree 
with  one  another,  and  the  variation  is  that  produced  by  the  loss  of  silver,  fluctuation 
in  moisture  or  impurity  in  the  deposit,  and  the  error  of  weighing  the  cups  before  and 
after  the  deposit,  the  average  deviation  of  a  cup  from  the  mean  of  a  pair  is  only  one- 
thousandth  of  I  per  cent,  the  deposit  being  4  grams  and  the  number  of  deposits  54, 
extending  through  a  period  of  three  months.  If  the  single  deposits  agree  so  closely 
and  the  average  deviation  from  the  mean  of  44  deposits  is  only  3  parts  in  100  000,  it 
is  evident  that  the  small  porous  cup  voltameter,  as  we  have  used  it,  is  an  instrument 
of  high  precision  and  capable  of  serving  as  a  means  of  checking  the  constancy  of  the 
Weston  Normal  Cell,  as  the  London  Conference  has  declared  it  must  be  empk)yed  to 
do,  provided  there  is  no  uncertainty  in  its  use  which  we  have  not  discovered,  and 
that  it  is  possible  to  obtain  silver  nitrate  of  so  imiform  purity  that  no  appreciable 
variation  in  value  will  occur  in  future  use  due  to  changes  in  the  degree  of  purity  of 
salt  employed. 

TABLE  3 
Showing  the  Reprodudbility  of  the  Small  Porous  Cup  Voltameter 

(TlM  depottti  made  voder  the  lame  cgadHtoni  art  annicad  In  groiqpt.  In  oohmin  J  art  tabalated  Cht 
dlffersnoaa  aC  aacb  nmnbar  of  tha  (roitp  frain  Cha  (roitp  niaan*  Tiia  avaraga  of  tbaaa  dlflOrancaa  lor  S4 
dapQotta  ia  (MM  mc  or  1  part  In  100000  of  tha  dapoatt.] 


Date 


1909 


17. 


1910 


Jan.     7. 


13. 


No. 

Depoatt 

Mean 

mf. 

mf. 

128 

409&93 

130 

6.96 

4097.00 

131 

7.10 

138 

8L04 

1 

140 

8L10 

\        104 

141 

7.97 

J 

145 
146 

&34 
&S4 

1         ^34 

mf. 

ao7 

.02 
.10 


.00 
.06 
.07 


I       .00 
I       .00 
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TABLE  3— Continued 
Showing  the  Reproducibility  of  the  Small  Porous  Cup  Voltameter — Contd. 


Date 

No. 

Deposit 

Mem 

A 

1910 

mg. 

at. 

at. 

ha.  26 

158 
159 

4097.41 
7.56 

I         7.48 

f       *^ 

^•■■»  ■*• * "•* 

i       '^ 

157 

6.78 

1         6.84 

f       '^ 

160 

6.91 

I       '^ 

n 

161 
163 

6.97 
6.94 

I         6.95 

\       '^ 

{       .01 

162 

6.89 

I         6w91 

1       .02 

164 

6.93 

I       *^ 

31                            

165 
166 

3.51 
3.55 

1         3.53 

r       .02 

«F«   ••■••«•»•••••••••••••••••••••••••••••••■•••""■•■■■"                   »■■ 

1       '^ 

VMk  3 

167 
170 

a93 
a95 

I         a94 

r       .01 

0-^p-^^S          ^••^••••••••••••••••••••••"•""•"■•""■■•••"■■•"■••"■»          "          » 

« 

168 

a89 

1        a86 

.03 

169 

a84 

{       -^ 

175 
177 

7.39 
7.38 

I         7.38 

r     '^ 

1  - 

176 

7.09 

I         7.06 

r       .03 

178 

7.03 

I       '^ 

10 

179 
181 

8.09 
8.74 

I         8.72 

r       .03 

•^  ••  •  •  •  •  •••••••••••••••••••"•"••••"■•■•""••••••••••••••••• 

i       *^ 

180 

8.30 

I         8.26 

1       *^ 

» 

182 

8.23 

1       -^ 

185 
186 

104 
105 

105 

r       .01 

I       -^ 

15 

187 
190 

7.42 
7.10 

I         7.25 

r       .16 

1       .16 

188 

7.43 

7.38 

I       -^ 

189 

7.34 

{       -^ 

17 

191 
194 

7.84 
7.69 

I         7.77 

r      -07 

^m    ••••••••••••••••••••••••■••"•"•••••■•■"••■•••••••    ••    ••••• 

1  - 

192 

7.63 

7.61 

.02 

193 

7.59 

.02 
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Showing  the  Reproducibility  of  the  Small  Porous  Cup  Voltameter — Contd. 


Dute 

No. 

Depottt 

Mom 

A 

1910 

mf. 

mf. 

mf. 

Fib.  19 

195 
198 

409&68 
8L69 

8L68 

J       .60 
I       .« 

• 

196 
197 

8l77 
8L64 

1         8.70 

.07 
.06 

33 

200 
201 

8l79 
8.62 

1         8L70 

1       ••• 

I       .08 

25 

20s 
206 

8.46 
8L15 

1         8.30 

I       .1$ 

204 
205 

8L33 
8.28 

1         8L30 

f       .01 
I       .02 

Mar.  12 

231 
233 

&38 

&26 

8L32 

.06 
.06 

31 

271 
278 

&71 
&70 

1         8.70 
AvofiiC6... 

.01 
.00 

.04 

2.  THB  LAROB  POROUS  CUP  VOLTAMETER 

Table  4  gives  the  results  of  28  deposits  in  the  large  and  meditun 
cups,  using  10  per  cent  Frankfurt  electrolyte  mostly,  but  with  a 
few  deposits  from  Baker,  new  or  recrystallized,  or  electrolyzed, 
and  a  few  from  Frankfurt  used  and  recrystallized.  The  mean 
value  for  all  is  1. 11 710,  or  omitting  two  deposits,  Nos.  229  and 
230,  1 .  1 1 709,  with  an  average  variation  from  the  mean  of  4  parts 
in  100  000,  not  quite  as  tmiform  agreement  as  with  the  small 
cups,  but  it  will  be  noticed  that  there  are  a  good  many  varying 
conditions. 
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TABLE  4 


Deposits  in  Large  and  Meduim  Size  Richards  Voltameters 


Date 


1909 
.    17 


1910 
Jta.      7 
13 
21 

Mmi.    9 

12 
19 


91 


Ro. 

1 

Size 

122 

1. 

124 

1. 

12S 

m. 

15S 

m. 

144 

L 

149 

L 

ISO 

m. 

223 

L 

22S 

m. 

1  229 

1. 

I  230 

m« 

241 

L 

242 

U 

243 

m. 

244 

m. 

249 

L 

230 

L 

251 

m. 

2S2 

»• 

237 

L 

233 

L 

239 

m. 

360 

m. 

313 

L 

266 

L 

267 

m. 

268 

m. 

269 

m. 

dmnlcal 

•qtttVBlMit 


1.11705 
711 
701 

706 
709 
714 
712 
TV! 
710 
727 
729 
709 
709 
700 
701 
723 
70S 
fU 
703 
706 
709 
703 
710 
704 
719 
711 
706 
70S 


d« 

do 

Small  potout  ctip. 
Largo  ponos  cup. 
Small  pocotu  cup. 
do 


aiiiaU,t»coolaUuai 


Small  Aow  cop... 

Small  old  cop 

Small  BOW  cap... 
Small  old  cop. .. . 
Small  pomti  cup 

do 

do 

do 

do 

do 

do 

do 


Bloctfo!yto 


13%PnmkfaitAcNOs 
10%FiaiikfititAcROi 
Do. 

lOToBakw 
10%  Frankfort 
7.5%  ttood  rnakfiirt 
109^  DOW  riankfiut 
10%  Baker,  twko  rocryalalllaod 
Do. 

10%Pmikfttrt 

Do. 

Do. 

Do. 

Do. 

Do. 
10%  Baker  recryilaUiMd 
Fiaskfort 

10%  Frankfort  rocryHatllaod 
10%  Bokar  rocxyitaniaod 
10%  Frankfort  rocryalaniaod 
10%  Baker  recryitaltlaod 
10%  Frankfort  roCTyitatltiod 
10%  Frankfurt  oloctfoljraod 
10%  Baker 

10%  Baker  alectrolysod 
Do. 


Mean  of  28  depoalta- 1.11710 

Mean  of  26  depooitt- 1.1 1709,  omtttlnf  (229  and  230)  db4A0  • 

Mean  of  18  depoalta -1.1170S,  omktiBg  8  relathw  depoattt 

The  valoo  1.11709  oerreeponda  to  1.01833  votti  lor  the  Weston  Normal  Cell  at  20*  C,  aaaomtog  the  oleUio 
chomirtl  ooolwdent  of  aUff  ta  bo  1.11800  mg  per  coolomb,  aa  eiplahied  on  page  190.   Tkis  la  6  In  lOOOOS 
larger  than  Ihe  mean  of  44  deBoaita  in  email  cupe.    We  retard  thu  dUKerence  of  6  in  100  000  aa  of  partimlar 
iigiiMlfanf  and  diacoaa  It  at  length  on  page  514. 

3.  POOOBNDORFF  VOLTAMBTBR 

Table  5  gives  the  resiilts  of  17  deposits  in  the  Poggendorff 
voltameter,  the  first  7  having  been  made  without  silk  or  any 
septum,  and  the  last  10  with  pure  raw  silk  that  had  been  thor- 
oughly washed  with  hot  distilled  water.  In  the  first  3  the 
deposits   were   much   too   heavy,  but   the   next   4  were  about 
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normal  for  the  kinds  of  electrolyte  used.  In  the  later  deposits, 
using  washed  silk,  the  deposits  average  1. 11 71 2,  or  omitting  No. 
219  of  a  four-hour  nm,  which  gave  a  high  value  and  No.  236  made 
with  less  ptwe  salt,  the  average  is  i .  1 1 7 10.  This  is  nearly  in  agree- 
ment with  the  porous  cup  voltameter,  which  for  this  size  of  vol- 
tameter ought  to  average  about  i .  1 1 706.  The  difference  is  too 
small  to  be  stu-e  of,  unless  more  deposits  are  made  tmder  identical 
conditions. 

TABLE  5 

Summary  of  Deposits  m  the  Poggendorff  Voltameters 


Dito 

No. 

Sixt 

-  ■•-  — 

Stodn- 
eqatvatoiit 

Saptttin 

Bloctioljrte 

1909 

Dtc   17 

123 

1. 

1.11849 

NaiUk 

15^  Frankfurt  Mil 

126 

m. 

733 

.. ...do.. 

Do. 

127 

m. 

738 

....  .do. ........... 

Do. 

1910 

Jto.      7 

136 

m. 

710 

....  .do. ........... 

10%  Baker 

137 

m. 

709 

do 

Do. 

21 

151 

m. 

706 

do 

Uaed  eledroljrte  filtered  thieaili  forooi  coy 

152 

m. 

707 

*  •  •  • « w  ••••■••*•*•* 

New  electrolyte  filtered  throaili  forooi  coy 

f»b.    25 

207 

m. 

701 

Washed  lUk 

10%  rianktart 

20s 

m. 

707 

•  •  •  •  wOQ*  •••••■■•«•. 

Do. 

Mar.    2 

215 

m. 

707 

•  •  •  •  •  W«  ••••••••••• 

Do. 

216 

m. 

713 

.. ...do. 

Do. 

5 

218 

m. 

712 

....  .do.  a.......... 

Do. 

219 

m. 

721 

do 

Do. 

9 

224 
226 
235 

m. 
m. 
m. 

715 
720 
707 

do 

Do. 

do 

Do. 

16 

....  .WW. ........... 

Do. 

236 

m. 

716 

....  .do. ••«........ 

10%  Baker 

ICean  of  laat  10—1.11712 

Mean  of  laat  10-1.11710  (eidndlnff  219  and  236) 

The  mean  la  very  nearly  the  aame  aa  that  tonnd  with  larie  and  medhun  poieaa  cof  voltametera,  befaif 
1.11710  as  compared  wiOi  1.11709.  The  ?ahie  of  1.11710  mc  per  coolsmb  corresponds  to  1.01834  volts  Isr  the 
Weston  NennalCen  at  20*  C,aasnmlnt  the  eleftiechemkaletutvalent  of  sUvsr  to  be  1.11800 mg  per  fentnmb 
as  fixed  by  the  London  Conierence  of  1908. 

4.  SIPHON  VOLTAliXTBR 

The  siphon  form  of  voltameter  has  been  employed  by  some 
observers  as  a  test  for  the  reliability  of  other  forms.  We  there- 
fore made  some  study  of  its  performance  tmder  varying  condi- 
tions. We  have  made  1 1  deposits  altogether  in  the  siphon  form 
of  voltameter,  xising  both  large  and  small  cups  and  large  and 
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small  glass  siphons  (see  our  first  paper,  p.  174).  The  runs  are  rela- 
tive, but  have  always  been  compared  with  the  Richards  form  of 
voltameter,  and  from  the  assumed  values  of  the  latter  the  electro- 
chemical equivalent  of  the  siphon  form  is  found. 

TABLE  6 
Resoha  witili  &e  Siphon  Voltameters 


M  u*  ii  i.euM. 


The  first  two' deposits  (Nos.  133  and  134),  usiag  Baker  AgNO,, 
agree  with  one  another,  giving  1.11740.     The  next  two,  January 
13,  with  Frankfurt  AgNO,,  somewhat  purer,  give  lower  values, 
1. 11736  and  1.11727.     In  the  third  trial,  January  31,  with  a  used 
solution  we  obtained  1.11720  and  1.11707,  but  in  the  latter  a 
porous  cup  tDos  placed  over  the  cathode  end  of  the  siphon  and  was 
therefore  equivalent  to  a  Richards  voltameter.     In  the  fourth  trial, 
February  12,  the  values  were  nearly  alike,  1.11730  and  1.11717, 
the  first  having  a  pMtnis  cup  over  the  anode  end.     It  was  there- 
fore equivalent  to  a  Richards  voltameter  of  very  large  vohmie. 
the  fifth  trial,  March  3,  there  were  two  large  siphon  voltameters 
parallel,  equivalent  to  one  of  double  volume,  and  the  current 
IS  one-fourth  ampere  in  each  for  four  hours.    The  vahie  is  very 
;h,  1. 11756.     There  were  also  two  smaller  siphons  in  paralld. 
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using  small  cups.  They  gave  i.i  1743,  still  a  large  value.  In  the 
sixth  trial  we  employed  two  large  siphons  dipping  into  one  lai^e 
platintun  dish,  with  two  anodes  in  parallel.  An  8-gram  deposit 
was  made,  giving  1.11774,  the  largest  of  all.  We  thus  have  10 
deposits  (excluding  No.  148,  which  was  a  Richards  of  usual  vol- 
ume), which  gives  a  mean  value  of  1.11736,  about  30  parts  in 
100  000  greater  than  the  small-size  Richards  voltameter.  The 
values  vary  greatly  with  the  voliune  of  the  electrol)rte.  We 
thought  it  possible  that  if  the  AgNO,  were  perfectly  pure  the 
different  sizes  woidd  give  the  same  values  and  that  they  would 
be  correct.  We  have  later  fotmd  this  to  be  true.  But  the  varia- 
tion of  the  results  in  our  experience  is  so  large  and  they  are  so 
awkward  to  use  that  we  have  seldom  used  them  since. 

S.  fILTBR  PAPER  VOLTAMBTKR 

We  made  very  few  experiments  with  this  form  of  voltameter, 
owing  to  the  errors  shown  to  exist  in  it  by  the  restdts  of  the  first 
series  of  experiments.  The  few  determinations  recorded  here 
were  for  the  purpose  of  tr3dng  out  special  features. 

Table  7  gives  the  restdts  of  seven  deposits,  using  filter  paper. 
The  first  deposit  (No.  132)  was  made  with  a  smaller  quantity  of 
the  filter  paper  immersed  in  the  electrol3rte  than  usual,  more 
nearly  as  Mr.  Smith  has  done  in  his  work.  The  deposit  nearly 
agrees  with  his  value.  Nos.  1 99  and  202  corresponded  to  the  earlier 
arrangement  and  give  about  the  same  values  as  we  then  obtained. 
The  next  two  deposits  give  a  comparison  of  two  filter  tubes,  one 
of  which  was  leceived  from  the  Reichsanstalt  and  the  other  was 
from  our  own  stock,  but  like  the  first,  except  that  it  had  not  been 
washed  previous  to  use.  The  latter  gave  a  much  heavier  deposit. 
Accordingly,  we  made  two  other  deposits  (Nos.  263  and  264),  in 
which  we  washed  our  filter  tube  thoroughly  and  treated  it  with 
dilute  alkali,  and  then  washed  again  with  distilled  water.  The 
alkali  dissolves  out  in  considerable  degree  the  furfiu^-jdelding 
carbohydrates.  The  deposits  with  the  Reichsanstalt  tube  and 
our  own  then  agreed  exactly,  but  both  are  considerably  heavier 
than  with  porous  cup  voltameter. 

Chemical  tests  show  that  while  this  special  treatment  of  filter 
paper  makes  it  less  readily  decomposed  into  fiufuraldehyde,  the 
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filter  paper  thus  treated  never  becomes  entirely  resistant,  and 
hence  the  deposit  will  always  be  abnormally  large. 

TABLE  7 
Summary  of  seven  deposits  in  Filter  Paper  Voltameter 


OiHt 

N*. 

Btoctro- 

dlMlllCtl 

•quHalent 

1910 

JM.     7 

132 

1. 11723 

r«b.  23 

199 

746 

202 

751 

Mar.   9 

227 

720 

228 

740 

26 

263 

726 

264 

726 

ruivpiver 


BtocUttiyte 


Small  quaatiyaClUtor  paper 

1  thaat  flltar  paper 

4e 

SmaU  filler  tabefremPTR 

SmaU  filler  tube  ItmbBS 

SmaU  filler  tube  bemPTR 

Small  filter  tube  frun  BS  waabed 


10%Baker8att 
10%Fmiikfliiit 

De. 

De. 

De. 
10%  Baker  reoTalalUied 


De. 


lCeaiiel7>-L11733. 


vataelwtlie  W< 


Neonal  Cen  at  20*  ia  tberelore  1.01855  vena. 


D.  SPBCIAL  QUESTIONS 


1.  U8BD  SOLUnOHS 


In  connection  with  the  first  series  of  experiments,  some  discus- 
sion has  been  given  of  the  effects  observed  when  an  electrolyte  is 
used  in  the  voltameter  for  the  second  or  third  time.  The  fact 
has  been  noted  that  used  solutions  free  from  filter  paper  or  other 
contamination  give  normal  or  slightly  smaller  deposits  than  the 
same  solution  tmused.  In  the  case  of  electrolytes  containing  traces 
of  imptuities,  such  as  those  made  from  the  salt  as  generally  pur- 
chased, the  lower  deposit  may  be  due  in  part  at  least  to  the 
purifying  effect  of  previous  electrolysis. 

As  a  rigid  test  of  this,  we  have  successively  electrolyzed  a  solu- 
tion of  silver  nitrate  which  was  strongly  contaminated  with  filter 
paper  until  it  gave  a  deposit  of  well-formed  crystals  free  from 
striations.  The  electrolyte  was  15  per  cent  AgNO,,  which  had 
stood  in  contact  with  filter  paper  for  several  months.  It  was 
electrolyzed  in  a  small  voltameter  at  normal  current  density,  but 
without  septum  between  the  anode  and  cathode  in  order  to  main- 
tain the  concentration  of  the  electrolyte.  As  might  be  expected, 
the  first  deposit  was  strongly  striated  and  leaden  colored.     This 
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deposit  was  removed  and  the  electrolysis  begun  again.  The 
second,  third,  and  fourth  deposits  were  all  strongly  striated  and 
not  crystalline.  The  fifth  deposit  was  also  striated,  but  a  few 
crystal  faces  were  to  be  seen.  These  increased  in  number  in  the 
succeeding  sixth,  seventh,  eighth,  and  ninth  deposits,  and  at 
the  same  time  the  striations  were  becoming  less  and  less  promi- 
nent. In  the  tenth  deposit  the  striations  completely  disappeared 
and  the  crystalline  structure  was  good.  This  matter  seemed  so 
important  that  we  made  several  similar  experiments  to  confirm 
it.  In  these  we  successively  electrolyzed  solutions  contaminated 
with  filter  paper  and  others  with  meta-fiuiuraldehyde.  The  result 
was  the  same  in  all  cases.  We  fotmd  the  impm-ities  could  be 
eliminated  by  sufiidently  prolonged  electrolysis.  We  shall  refer 
to  this  phenomenon  again  in  discussing  the  "voltune  effect"  on 

page  514. 

During  the  present  series  of  quantitative  experiments  we  have 
employed  used  solutions  in  the  nms  of  January  21,  February  5, 
8,  15,  17,  March  31,  and  April  5.  The  experiments  of  February 
8, 15,  and  March  31  were  made  expressly  to  test  the  eflfect  of  pre- 
vious electrolysis.  In  the  others,  except  the  abnormal  experiment 
of  April  5,  we  introduced  other  variations.  In  the  first  of  these 
three  we  used  a  clear  anode  solution  saved  from  the  Richards 
voltameter  of  previous  experiments.  Two  deposits  were  made 
from  this  electrolyte  in  the  small  voltameters  and  compared  with 
two  similar  deposits  from  our  10  per  cent  Frankfurt  salt.  The 
results  are  as  follows : 


Anode  liquid 

1. 11695 
1.11694 

Fnmkfuit  electrolyte 

No.  176 

No.  175 

1.11704 

N«.178 

No.  177 

1.11703 

Deposit  fmn  anode  Uquid  U  leet  by  8  pezts  in  100000. 

In  the  experiment  of  February  15  we  compared  the  cathode 
liquid  (from  the  Richards  voltameter)  to  which  we  added  enough 
Frankfurt  crystallized  salt  to  bring  the  concentration  up  to  10 
per  cent  with  a  10  per  cent  new  solution  of  the  Frankfurt  electro- 
lyte and  fotmd  the  two  in  good  agreement. 
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UMd+addedMlt 

1I«.1M 

1.U7M 
1.11702 

ll».lf7 

1. 11904 

H*.  189 

]f«.190. 

LIMW 

If*.  190  ffttably  tbowmally  Inr,  •wliic  to  acrtditf 

It  thus  appears  that  used  solutions  yield  normal  results  if  some 
fresh  salt  is  added  to  keep  up  the  concentration  of  the  electrolyte. 

On  March  31  we  compared  our  Baker  and  Frankfurt  salt  with 
recrystallized  and  electrolyzed  samples.  Except  for  No.  266, 
which  was  abnormally  heavy  owing  to  a  spot  fotmd  on  the  silver 
deposit  when  the  bowl  was  weighed,  the  results  show  that  the 
values  for  the  electrochemical  equivalent  from  the  recrystallized 
and  elctrolyzed  samples  are  lower  than  from  the  original  salt. 

TABLE  8 


n%. 

Mm 

OriglMlMtt 

BtodiMyMd 

UBoytumwad 

Biikw 

Tmikfnit 

Biikw 

Tmikfnit 

Fiuktaft 

26S 

1. 
L 
m. 

m. 
m. 

t. 
t. 
t. 
t. 

f tSUf 

1.11704 

266 

(1.11719) 

267 

1.11711 

Jit 

1.11700 
1.11700 

269 

270 

1.11701 

271 

1.11706 

272 

1.11IM 

273 

1.11706 

] 

1. 11711 

1.11706 

1.11708 

1.11701 

LU701 

TiM  rttntftfjiiic«  9i  tbete  flgimt  win  1m  bctoghl  mU  in  the  nnt  Mdian. 

2.  VOLUMB  SFRCT 

By  comparing  the  results  of  the  two  sizes  of  porous  cup  voltam- 
eters (Tables  2  and  4)  it  will  readily  be  seen  that  the  deposits 
in  the  large  size  are  with  few  exceptions  heavier  than  in  the  small 
voltameters.  The  difference  amounts  to  about  7  parts  in  100  000. 
This  phenomena  we  have  called  the  volume  effect.  In  these  experi- 
ments the  volume  of  electrolyte  in  the  large  voltameters  was 
about  three  times  that  in  the  small  voltameters.  We  find  evi- 
dence of  this  volume  effect  in  the  work  of  Lord  Rayleigh  and  Mrs. 
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Sedgwick.*  Employing  voltameters  with  a  greater  disparity  in 
voltmie  the  effect  is  made  still  more  apparent.  This  is  shown  in 
our  restdts  with  the  siphon  voltameter  and  is  in  accord  with  the 
observations  of  Laporte  and  de  la  Gorce.' 

Since  we  regard  this  matter  of  the  volume  effect  as  of  consider- 
able importance  we  shall  state  rather  fully  the  evidence  for  believ- 
ing in  its  reality  and  our  theory  as  to  its  probable  cause  and  the 
means  of  avoiding  it. 

Dining  the  earlier  part  of  the  work  when  using  the  largest  size 
of  porous  pots  in  the  large-size  platinum  bowls  the  volume  of  the 
cathode  liquid  was  but  little  greater  than  that  in  the  small  vol- 
tameters. The  resulting  disparity  in  the  deposits  being  therefore 
small  was  usually  attributed  to  experimental  error.  But  when 
using  the  small-size  porous  cups  in  the  large  voltameters,  with  a 
larger  volume  of  the  cathode  Uquid,  the  difference  became  more 
apparent.  On  making  an  examination  of  the  records  it  appeared 
that  the  large  voltameters  in  practically  every  case  contained 
heavier  deposits  than  the  smaller  sizes.  By  taking  the  two 
voltameters  in  pairs,  identical  in  all  respects  except  the  volimie 
of  the  electrolyte,  we  were  forced  to  conclude  that  the  observed 
difference  is  a  function  of  the  volume. 

Judging  the  electrolyte  used  in  these  runs  by  present  standards 
of  purity,  we  find  them  to  have  been  far  from  absolutely  pure. 
This  suggests  the  probable  cause  for  the  volume  effect  and  is 
supported  by  the  following  evidence.  In  the  curves  shown  in 
figures  I  and  2  the  slope  of  the  lines  is  a  meastu-e  of  the  volume 
effect.  The  steeper  curve  represents  the  volume  effect  of  the 
electrolyte  as  pturchased,  while  the  more  nearly  horizontal  line 
represents  the  volume  effect  of  the  same  salt  after  purification 
by  electrolysis  in  the  voltameter  or  by  recrystallization.  With 
an  electrolyte  of  sufficient  purity  all  sizes  of  voltameters  should 
give  the  same  weight  of  deposit,  provided  the  volume  is  the  only 
variable.  In  otu:  latest  work  we  have  attained  such  a  degree  of 
purity  of  the  electrolyte  that  the  volume  effect  vanishes. 

As  before  stated,  we  place  greater  reliance  on  determinations 
with  the  small  porous  cup  voltameter  with  solutions  not  quite  pure 

*  PfaiL  Tnms..  17i,  p.  4xx;  X884.  *  BuU.  Soc  Int.  Bfectr..  March.  1910. 
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than  on  any  other  form.  The  reason  for  this  is  that  with  so  small 
a  volume  the  effect  of  the  impurities  is  very  much  less  than  for  the 
greater  volumes.  This  is  shown  by  the  wide  divergence  of  the 
above  curves  of  figures  i  and  2  for  voliunes  of  200  cc  or  over. 

In  the  case  of  the  porous  cup  voltameter  the  volume  of  electro- 
lyte considered  is  that  of  the  cathode  chamber  only  and  not  the 
total  volume  of  liquid  in  the  voltameter;  this  conclusion  is  justified 
by  the  following  observations: 

TABLE  9 


Dale 

No. 

IflO 

jM.  n 

147 

14< 

149 

15S 

ink.    12 

IM 

10 

18$ 

IM 

Rkhuds 
do... 

km 
olplMii*  yovMM  cup  flW 

RldMftfS 

do 


Totel 
voloiiioof 
•loctiolyto 

Votamo 

of  calhodo 

llioM 

ee 

500 
500 

no 

S40 

S20 

115 

90 

SCO 
SCO 

450 

115 

90 

lis 

90 

4149.  U 
4148.58 
4148.86 
4148.47 

4105.63 
4105.75 
4105.04 
4105.05 


These  results  show  that  when  the  porous  cup  is  over  the  anode 
end  of  the  siphon  the  weight  of  deposit  is  substantially  the  same 
as  for  the  siphon  voltameter  without  any  septum,  while  for  the 
case  of  the  pot  over  the  cathode  end  the  volume  of  liquid  con- 
tained inside  of  it  and  the  siphon  is  without  effect. 

The  cause  of  this  effect  we  believe  to  be  the  presence  of  reducing 
impurities  and  consequent  colloidal  silver  in  the  electrolyte. 
Solutions  showing  the  volume  effect  can  be  shown  to  be  impure 
by  a  test  with  potassium  permanganate  as  described  on  page  531. 
Since  the  colloidal  silver  can  not  pass  through  the  porous  pot,  it  is 
only  the  volume  of  the  cathode  liquid  that  should  be  effective  in 
increasing  the  deposit,  which  is  in  accord  with  experimental  data. 
Impurities  which  are  not  sufficient  to  cause  striations  may  be 
sufficient  to  produce  a  small  volume  effect,  and  therefore  we  may 
use  this  as  a  more  rigid  criterion  by  which  to  judge  the  purity  of  the 
electrolyte  than  the  appearance  of  the  deposit. 
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Fig.  2, 

Figs.  1  ftnd  2. — Effect  of  purification  of  iht  AgNO^  on  th€  volume  effect  which  is  r^resented  by 

the  slope  of  the  curves. 
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With  a  relatively  small  volume  of  electrolyte  the  quantity  of 
colloidal  silver  deposited  during  a  given  time  is  less  than  with  a 
larger  volume.  Gradually  the  colloidal  silver  is  deposited  out  and 
the  electrolyte  becomes  purer,  and  hence  a  used  solution  may  give 
a  more  nearly  normal  value  than  a  new  solution.  Hence,  with 
solutions  not  quite  pure  we  see  why  the  smaller  voltameters  give 
more  consistent  and  more  nearly  correct  values  than  lat;ger 
voltameters. 

3.  AMODK  sum  m  TBS  POOQOItDORrr  KttM 

The  cause  of  the  wide  variations  in  the  results  of  the  Poggendorff 
DT  nonseptum  form  of  voltameter  we  attributed  to  the  difficulty 
of  confining  the  anode  slime.  The  results  tabulated  in  Table  5 
show  an  aven^  variation  from  the  mean  of  9  parts  in  100  000, 
which  is  an  unfavorable  showing  as  compared  with  our  results  on 
the  porous  cup  voltameter.  The  first  seven  of  the  deposits  in  the 
table  show  a  larger  mean  variation  than  the  average  given  above, 
and  this  is  almost  entirely  due  to  anode  slime  becoming  mixed 
(rith  the  deposited  silver.  Small  bubbles  of  gas  liberated  by  the 
warming  of  the  electrolyte  or  ham  other  causes  cany  small  masses 
of  slime  to  the  surface  of  the  liquid.  When  the  gas  is  discharged 
the  slime  faUs  back,  sometimes  upon  the  cathode.  We  have  inves- 
tigated various  means  of  separating  it  from  the  crystalline  deposit, 
but  have  found  no  process  that  is  satisfactory.  The  best  perhaps 
is  by  stirring  the  Uquid  when  the  finely  divided  slime  is  carried  in 
nispension  for  a  short  time  by  the  hquid,  leaving  the  larger  per- 
tides  of  crystalline  silver  in  the  bottom  of  the  dish.  Some  have 
^ected  the  separation  by  means  of  a  glass  rod  or  feather,  but  we 
l)eUeve  that  this  calls  unduly  upon  the  judgment  of  the  observer, 
md  we  fail  to  find  in  such  cases  as  small  a  variation  from  the  mean 
15  we  believe  may  reasonably  be  expected.  To  avoid  the  trouble 
^th  slime  we  covered  the  anode  with  silk,  but  this  is  not  satis- 
factory, because  the  silk  is  an  active  ^ent  in  the  voltameter 
playing  a  somewhat  similar  rdle  to  filter  paper. 

Our  results  have  confirmed  those  of  Mr.  F.  K.  Smith,  who 
iound  that  the  trouble  with  slime  from  the  anode  may  be  greatly 
-educed  by  using  electrolytic  anodes  with  as  large  an  active  sur- 
face as  possible.    Such  anodes  possess  the  advantage  of  jnoviding 
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silver  of  a  high  degree  ot  ptirity  and  of  an  even  hardness.  The 
advantages  of  the  former  are  apparent,  while  the  latter  tends  to 
reduce  th^  slime.  We  have  observed  with  anodes  of  pure  silver 
that  have  been  rolled  or  sawed  that  a  disintegration  takes  place 
under  the  surface,  causing  considerable  pieces  of  it  to  fall  off, 
accompanied  by  much  black  slime.  This  appears  to  depend  upon 
the  surface  hardness  of  the  metal.  'With  anodes  sujfficiently  cov- 
ered with  pure  electrolytic  silver  the  wearing  away  of  the  surface 
is  uniform,  and  only  a  small  quantity  of  gray  slime  appears. 

4.  IILTBRIHG  THB  XLBCTROLTTB 

In  May,  1909,  we  arranged  to  use  a  porous  cup  as  a  filter, 
employing  the  vacuum  to  hasten  the  process.  It  was  first  used 
in  the  experiment  of  May  6  and  occasionally  thereafter.  We 
were  not  able  to  detect  any  change  in  the  mass  of  deposit  due  to 
its  use.  The  question  was  again  taken  tq>  in  the  work  of  1910, 
during  which  time  we  tried  two  Pasteur  filters,  designated  as  No. 
I  and  No.  2,  and  a  Uttle  bulb  of  Pukal  ware. 

These  were  carefully  cleaned  before  use.  The  results  are  given 
in  Table  10.  In  making  these  tests  we  always  uaed  four  small 
porous  cup  voltameters,  two  of  which  contained  the  filtered  solu- 
tion and  two  the  same  electrolyte  not  filtered. 

Filter  No.  i,  which  was  used  first,  showed  a  surprising  reduc- 
tion of  15  parts  in  100  000  in  the  deposit.  We  repeated  this 
experiment,  using  the  Pukal  bulb,  which  caused  no  change  in  the 
deposit.  Using  filter  No.  i  in  a  subsequent  experiment  we  again 
found  a  reduction  in  the  deposit  amounting  to  13  parts  in  100  000. 
We  then  filtered  one  portion  of  electrolyte  through  filter  No.  i 
and  another  portion  through  an  identically  similar  fitter  No.  2, 
which  had  not  been  acid  cleaned.  The  deposit  from  the  first 
gave  a  deposit  5  in  100  000  lower  than  the  other,  but  this  differ- 
ence may  have  been  due  to  a  trace  of  alkalinity  persisting  in  filter 
No  2,  since  it  was  not  cleaned  with  acid.  While  it  appeared  that 
the  Pukal  bulb,  like  the  porous  pot  previously  used,  was  reliable 
as  a  filter,  the  contradictory  evidence  of  the  Pasteur-  filters  led 
us  to  try  purified  asbestos  as  a  filter  with  satisfactory  results. 
The  asbestos  can  be  quickly  prepared  and  expeditiously  used. 
In  our  subsequent  work  we  preferred  to  use  it  when  it  was  neces- 
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sary  to  use  a  filter  of  any  kind.  In  using  either  the  asbestos  or 
the  Pukal  filter  it  is  best  to  discard  the  first  portion  of  filtrate, 
owing  to  the  tendency  for  acid  to  form  before  equilibrium  is 
established  between  the  solution  and  the  filter. 


TABLE  10 
Showing  the  Effect  of  ^ters  on  the  Electrol3rte 


Dale 

N«. 

SSS^ 

•— 

mt 

JM.    » 

1S7 

1.11607 

Xtodnlflt  flllmd  thnoih  filler  N«.  1 

100 

091 

D6. 

ISO 

704 

XwdfVQpIt  ml  flMfM 

159 

709 

D6. 

38 

162 

700 

Xtodfi^Flt  flMtftd  fltfMicI^  bvlb 

164 

701 

D6. 

161 

701 

BtednqFlt  MlOMiffM 

163 

701 

Do. 

ink.  10 

liO 

096 

Xtodnlfto  illMod  thnoih  flltoff  N«.  1 

lU 

604 

Do. 

179 

707 

BtodralytoMlfltefOd 

101 

700 

Do. 

17 

192 

096 

Xtodnlflo  flllwod  fhraofli  flllw  No.  1 

193 

095 

Do. 

191 

701 

Bloctfolyto  flilwod  fhfooili  filter  No.  2 

194 

600 

Do. 

19 

19S 

702 

Sloctiolfte  fiMmd  flttoacl^  osboilM 

190 

702 

Do. 

196 

704 

Bloctfolyte  sil  filncod 

197 

701 

Do. 

5.  TKiCPKRATURB  COSIlICnaiT  OF  THB  VOLTAMXTXR 

Two  tests  of  the  effect  of  temperattu-e  on  the  mass  of  deposit 
were  made,  using  in  each  case  the  four  small  voltameters,  two  of 
which  were  maintained  at  about  50^  during  the  course  of  the 
experiment  by  heating  coils  wound  on  asbestos  forms  and  made 
to  fit  closely  about  the  platinum  crucible.  The  temperature  of 
each  was  obtained  from  thermometers  standing  in  the  porous  cup 
of  each  voltameter.  The  temperatures  were  read  every  10  min- 
utes. The  following  curve  shows  them  plotted  against  time  for 
the  second  experiment  (fig.  3) : 
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I\g.  3. — Record  of  temperaturgs  of  fimr  voHamders  during  the  second  experiment  to  determine 

the  temperature  coefficient. 

The  results  are  contained  in  Table  1 1 . 

TABLE  11 


Ejcperiments  on  TempeFature  Coefficient 


ITkt 


In  Not.  2S6  and  2S5  an  tonrw  thui  Not.  254  and  253  tMcanae  tha  elacdaljte  waa  made  ttWQL 

purer  aatt] 


Dale 

No. 

Blectio- 
oavtvalent 

Ramarka 

-. 

1910 

Mar.  16 

237 

1. 11718 

Haatad  to  51*  C  (averago) 

239 

702 

Haatod  to  55*  C  (avarace) 

238 

702 

Nolhaatod,  23*  C  (avarace) 

- 

240 

702 

Da. 

23 

254 

710 

Haatod  to  52*  C  (avaraca) 

256 

696 
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In  the  first  run  the  heated  voltameters  showed  an  average  of  9 
parts  m  100  000  greater  deposit,  the  difference  of  temperature 
being  29.5^,  while  the  second  experiment  showed  3  parts  in  looooo 
smaller  deposit  in  the  heated  voltameters,  the  difference  in  tem- 
perature being  26.5®. 

The  differences  are  probably  due  to  experimental  error,  parti- 
cularly in  the  case  of  No.  237,  in  which  a  trace  of  alkali  was  found 
after  the  experiment.  The  temperature  coefficient  deduced  from 
these  experiments  is  not  more  than  one  or  possibly  two  parts  in  a 
million  per  degree  and  is  more  likely  zero  for  perfectly  pure  solu* 
tions  as  it  shotdd  be  theoretically. 

i.  COMPAMISON  OF  GOLD  AHD  PLATIRUIC  CATHODX8 

In  the  stunmer  of  1909  we  purchased  two  gold  crucibles  of  the 
same  dimensions  and  weight  as  the  two  platinum  dishes,  which 
we  had  found  very  useful.  These  four  were  usually  arranged  in 
pairs  of  one  gold  dish  and  platinum  dish,  each  so  that  by  tabulating 
the  differences  in  deposit  of  the  two  crucibles  of  a  pair  we  have  a 
direct  comparison  of  gold  and  platintmi  cathodes.  This  has  been 
done  in  Table  1 2  for  all  cases  where  the  material  of  the  cathode 
was  the  only  variation  in  the  voltameter  except  for  obviously 
abnormal  determinations  on  January  7  and  2 1 . 

The  result  is  to  show  a  lighter  deposit  in  the  gold  dishes  by  i  .4 
parts  in  100  000.  This  difference  is  less  than  the  average  varia- 
tion from  the  mean  of  otu:  most  reliable  determinations  of  the 
electrochemical  equivalent  and  we  regard  it,  therefore,  as  indi- 
cating the  substantial  agreement  of  the  two  materials. 

TABLE  12 
Comparison  of  Gold  and  Platinum  Cathodes 


1909 

8«ft.  9 

Dm.  17 

1910 
Jan.    7 


Gold  dish 

Dtfltresce  (ptftt  la  10») 

4097.99 

4098.21 

-5.4 

4096.96 

4096.93 

+1.2 

4097.10 

4097.27 

-4.1 

4098.10 

4098.04 

0.0 

4097.97 
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Comparison  of  Gold  and  Flatinum  Cathodes — Continued 


Date 

Golddtah 

PlaUiittm  dtah 

Diflefence  (parte  in  10*) 

1910 
Jan.  26 

4096.91 
4097.56 

4096.94 
4096.93 

4163.55 

4130.84 
4130.95 

4097.38 
4097.03 

4098.74 
4098.28 

4097.34 
4097.10 

4097.69 
4097.59 

4098.64 
4098.69 

4100.  S9 
4098.62 

4098.28 
4098.15 

4097.25 

4098.09 
4098.09 

• 

4098.70 
4098.42 

4096.78 
4097.41 

4096.97 
4096.89 

4163.51 

4130.89 
4130.93 

4097.39 
4097.09 

4098.69 
4098.30 

4097.43 
4097.42 

4097.84 
4097.63 

4098.77 
4098.68 

4100.41 
4098.79 

4098.33 
4098.46 

4097.62 

4098.09 

+3.2 

28 

+3.7 
—0.7 

31    .1 

+1.0 
+1.0 

Veb.    3, 

-1.2 

8. 

+0.5 
-0.2 

10. 

-1.7 
+L2 

IS 

-1.7 
-2.2 

17 ',... 

-7.8 
-3.7 

19. 

-1.0 
—4.1 

23 

+8.2 
+4.4 

25 

-4.1 

* 
-1.2 

Mftft  2... 

-7.8 
—9.8 

16. 

0.0 

31 

4098.71 
4098.51 

Aftfiftt... 

—0.2 

-2.2 

—1.4 

M  frtd  Hihtor  by  M  In  10». 

These  results  answer  the  objections  of  Hering'  to  the  use  of 
fdatinum  as  the  cathode  in  the  voltanobeter.  According  to  his 
theory  the  deposit  in  the  gold  crucibles  should  be  the  heavier, 
owing  to  the  reduction  of  ozygen  in  the  surface  of  the  platinum. 
In  another  place  we  have  noted  the  change  in  size  of  the  stiver 
crystals,  due  to  saturating  the  surface  of  a  strip  of  platinum  with, 
oxygen,  but  the  effect  on  the  mass  of  deposit  seems  to  be  n^ligibly 
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small.    Aside  from  the  lower  price  of  gold  than  platinum,  we  pre- 
fer the  latter  because  of  its  being  more  durable. 

The  quantitative  work  on  the  second  series  of  experiments  was 
discontinued  April  5,  1910,  to  take  part  in  the  cooperative  work 
with  the  National  Physical  Laboratory,  Physikalisch-Technische 
Reichsanstalt,  and  the  Laboratoire  Central  d'Blectricit^. 

IL  PREPARATION  AND  TESTING  OF  SILVER  NITRATE 
FOR  USE  IN  THE   SILVER  VOLTAMETER 

A.  nUBLmiNART  WORK  WITH  COMMERCIALLY  PURE  SaVBR  NITRATB 

It  was  early  found  that  the  essential  differences  between  the 
various  types  of  voltameters,  especially  as  regards  the  different 
character  of  septa  employed,  gave  rise  to  variations  in  the  values 
obtained,  which  were  independent  of  the  sotu-ce  of  the  silver 
nitrate  used  and  which  were  far  greater  in  magnitude  than  those 
arising  from  the  relatively  slight  amounts  of  impurities  present 
in  commercially  pure  salt.  Consequently  no  special  attempt  was 
made  in  this  part  of  the  work  to  obtain  silver  nitrate  of  the  highest 
d^;ree  of  purity  such  as  was  used  later. 

Two  large  lots  of  silver  nitrate  crystals  obtained  from  the 
Gold-  und  Silber-Scheide-Anstalt,  Pranldurt  a.  M.,  yielded  silver 
deposits,  when  electrolyzed,  which  were  nonstriated  and  markedly 
crystalline  in  character,  and  solutions  of  this  salt  in  the  best  twice- 
distilled  water  were  neutral  toward  litmus  paper  as  nearly  as  could 
be  judged.*  This  material  was  therefore  used  without  further 
pur^cation  in  many  of  the  experiments  recorded  in  the  present 
paper.  The  values  obtained  with  this  salt,  especially  in  the  small 
Richards  voltameter,  are  very  near  the  true  value,  being  in  good 
agreement  with  the  later  results  obtained  with  recrystalUzed 
salt  of  a  very  high  d^;ree  of  purity. 

B.  mPORTAKCB  OF  CBRTAIH  CLASSES  OF  DfPURITlBS  IN  VOLTAMETER 

WORK 

Our  earlier  investigations  of  the  chemical  problems  connected 
with  the  voltameter  had  been  confined  almost  entirely  to  the 
question  of  the  effect  of  filter  paper,  and  had  revealed-the  pre- 
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ponderating  importance  of  certain  classes  of  reducing  substances 
as  impurities  in  the  electrolyte.  The  pronounced  effects  produced 
in  the  voltameter  by  the  presence  of  minute  quantities  (o.oooi 
per  cent)  of  certain  reducing  substances  had  made  it  evident  that 
no  sample  of  silver  nitrate,  however  carefully  prepared,  could  be 
considered  suitable  for  use  in  voltameter  work  of  the  highest  pre- 
cision without  being  actually  tested  for  these  exceedingly  slight 
traces  of  reducing  impurities.  Amounts  so  small  may  be  produced 
in  ways  which  can  not  be  prevented  merely  by  excluding  foreign 
organic  material,  because  these  impurities  may  be  produced  by  the 
process  of  purification  itself,  as  will  be  shown  later.  In  this  con- 
nection it  must  be  borne  in  mind  that  these  reducing  impurities 
are  not  necessarily  of  organic  origin,  but  may  be  formed  from  pure 
silver,  nitric  acid,  and  water  (e:  g.,  hydrazine,  hydroxylamine, 
nitrites,  hyponitrites,  etc.) ,  or  colloidal  silver  itself  may  be  formed 
directly  from  perfectly  pure  materials  by  heat  or  other  conditions 
imposed  by  the  natture  of  the  process. 

The  above  considerations  hold  true  in  the  main  of  a  few  other 
impurities  which  affect  the  results  in  the  voltameter,  when  present 
in  small  amounts.  This  applies  especially  to  colloidal  silver 
hydroxide,  which  the  later  work  showed  could  have  a  pronounced 
effect  upon  the  weight  of  the  silver  deposit  when  present  to  the 
extent  of  only  a  few  parts  per  million.  Very  small  amounts  of 
free  nitric  acid  also  affect  the  results,  but  to  a  less  extent  than  does 
the  colloidal  silver  hydroxide.  Other  impurities  which  affect  the 
results  when  present  in  small  amounts  are  silica  and  carbon 
dioxide.  These  impurities  are  more  easily  excluded  than  the  ones 
just  mentioned,  however,  and  relatively  larger  amounts  are 
required  to  affect  the  results.  Their  influence  will  be  discussed  in 
a  subsequent  paper  of  this  series. 

By  far  the  most  difficult  problems  connected  with  the  prepara- 
tion of  silver  nitrate  for  use  in  the  voltameter  have  to  do  with  the 
exclusion  or  removal  of  reducing  impurities  (especially  colloidal 
silver  *)  on  the  one  hand  and  of  "  unccnnbined "  add  or  base  on 
the  other.  It  was  found  necessary,  therefore,  to  carefully  test  all 
samples  of  material,  however  carefully  prepared,  for  these  objec- 
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tkmabk  impurities.  The  tests  esiployed  for  this  purpose  are  dis- 
cussed in  the  following  pages.  Methods  of  purification  were 
finally  devised ,  by  means  of  which  these  impurities  can  be  ezchided 
with  comparative  ease,  so  that  it  is  now  a  practicable  matter  to 
prepare  silver  nitrate  of  satisfactory  purity  for  voltameter  work. 


C.  TBSTS  FOR  UHCOMBmBD  ACID  AHD  BASE 


It  was  found  necessary,  in  order  to  obtain  results  of  the  accu- 
racy desired  in  the  voltameter  determinations,  to  define  the  n^i- 
trality  of  the  electrolyte  to  within  a  part  in  a  million  of  "  uncom- 
btned  "  acid  or  base.  In  this  section  an  account  will  be  given  <rf 
the  method  that  was  developed  to  meet  this  requirement. 

The  test  is  not  designed  to  determine  the  absolute  concentration 
of  the  hydrogen  ions,  but  only  to  determine  whether  there  is  any 
"excess"  or  "uncombined"  acid  or  base  present.  Pure  silver 
nitrate  appears  to  be  hydrolyzed  to  an  appreciable  extent,  as  indi- 
cated by  its  behavior  toward  methyl  orange,  phenolphthalein,  and 
some  other  indicators  (see  Part  11,  p.  247)  and  by  certain  other 
properties.    A  brief  theoretical  discussion  of  the  degree  of  hydrol- 

N 
ysis  of  this  salt  in  -j  solution  is  given  below.^    The  question  as 

M IW  UMontkal  d«rtc  d  hydratyib  d  y  AcNOi  may  be  oJcukted  from  the  MlubUity  pnducts  «f 


Ac0Hmk1H«0. 

(i-a)V"Ab 
where  c-nletrM  d  hydrelyib; 

V— dttntiaa, or  mmrfMf  ellitert  hi  which  I  irun equivaknt  it  oontehMd.    V— shtthie 

Jkw— tohibllity  or  knk  product  ol  water; 

Ak^mtabittey  or  inric  pfodtMt  of  AfOH. 

Jkw-i.«Xur««; 

H-»Xior«. 

Whm  hydrolyrit  it  tUght, 

tt-V«.«Xter«    -t.iXitf-* 

ThtMiort,  thtorttktlly  tbout  ooe-thoottiidth  of  the  total  amoimt  ol  AcNOa  fa:  tohitka  it  hydrolyaed 
aooordlac  to  the  foUowfaic  reaction: 

AfKOH-HgO  V±  AfOH-l-HNOi 


Tfata(««lhydralyrit.ol€omae.itmiidiltMthnthit:pi«bablyaboiitt^Xttf^.MfaMlks^  Cht 
inteotity  of  color  produced  by  methyl  oramt^  The  oonoentratioa  waa  fooad  to  be  too  slii^t  to  affect  the 
lateof  hydrolysbof  canetacvbyatmnchatatperoBitiiiooeday.  Ita  effect  itpott  the  potetlalol  the 
hydrofen  efcctiode  hat  aoC  hem  determfawL  It  it  om-  prcacnt  istcotfatt  to  apply  tUa  method  at  aomt 
future  time. 
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to  the  ideal  concentration  of  hydrogen  ions  in  the  electrolyte  will 
be  discussed  in  a  later  paper. 

The  usual  methods  of  testing  the  neutrality  of  salts  do  not  apply 
to  silver  nitrate  solutions.  Thus,  toward  litmus  silver  nitrate 
solutions  react  alkaline,  even  after  the  addition  of  i  part  in  100  000 
of  nitric  add,  while  the  same  sample  Will  show  an  acid  reaction 
toward  methyl  orange,  even  after  the  addition  of  an  unlimited 
amount  of  alkali,  so  long  as  any  undecomposed  silver  nitrate 
remains  (i.  e.,  so  long  as  the  Ag  is  not  completely  precipitated  as 
AgOH) .  (For  further  details,  see  p.  247  of  Part  II  of  this  series.) 
Toward  pheholphthalein  silver  nitrate  solutions  show  an  acid 
reaction  in  the  absence  of  carbon  dioxide.  So  far  as  we  are  aware, 
all  the  data  in  the  literature  on  the  acidity  of  the  electroljrte, 
except  those  by  Leduc,"  were  obtained  by  litmus  or  other  similar 
indicators  applied  directly  in  the  usual  way  and  can  not  therefore 
be  relied  upon  for  the  reasons  just  given. 

The  following  method  of  estimating  the  "imcombined"  add  or 
base  in  silver  nitrate  is  free  from  any  uncertainties  connected  with 
the  exact  estimation  of  the  absolute  hydrogen  ion  concentration 
of  solutions  of  partially  hydrolized  salts.  The  standards  of 
neutrality  used  are  the  purest  water  obtainable,  and  solutions  of 
the  chlorides  and  nitrates  of  sodium  or  potassitun  in  this  pure 
water.  These  standards  are  as  nearly  absolute  as  can  be  realized 
experimentally,  where  a  salt  solution  of  some  kind  is  necessary. 
The  indicator  chosen  was  iodeosine."  This  is  an  exceedingly 
sensitive  indicator  (when  used  in  ether-water  solution)  and  may 
be  readily  used  in  titrating  with  thousandth  normal  solutions. 
The  indicator  is  colorless  in  add  and  pink  in  alkaline  solution. 
The  neutral  point  is  unaffected,  even  by  fairly  concentrated 
solutions  of  pure  sodium  or  potassium  chloride  (or  nitrate) ;  jret  a 
single  drop  of  a  o.ooiN  solution  of  acid  or  alkali  added  to  10  cc  of 
neutral  solution  is  quite  suffident  to  cause  a  pronounced  change  in 
color.  Its  behavior  toward  adds  and  bases  of  difEerent  strengths 
is  similar  to  that  of  methyl  orange.  In  the  present  work  it  has 
been  used  only  for  titrating  sodium  h3rdroxide  with  dther  sul- 
phuric or  nitric  add.     It  is  not  necessary  to  expel  the  carbonic 
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acid  before  titration,  since  the  end  point  b  not  affected  by  the 
amounts  (ntlinarily  present. 

If  the  Ag  be  precipitated  as  AgCl  by  means  of  neutral  recrjrstal- 
lized  ECl  or  NaCl  solution,  and  the  AgCl  filtered  off  through 
asbestos,  the  filtrate  shows  a  neutral  reaction  toward  all  indica- 
tors if  the  original  AgNO*  contained  no  "  uncombined "  add  or 
alkalL  Samples  of  ^Iver  nitrate  purified  by  repeated  recrystalli- 
zation  have  been  obtained  which  show  a  practically  neutral 
reaction  toward  iodeosine  when  tested  ia  this  manner,  vkereas 
if  so  little  as  one  part  in  one  million  of  nitric  acid  {or  alkali)  be 
added  to  Ike  original  solution,  it  can  be  detected  in  the  filtrate 
from  the  precipitated  AgCL  In  testing  for  amounts  of  acid  less 
than  several  parts  in  one  hundred  thousand  the  AgCl  must  be 
filtered  off  by  means  of  asbestos  or  finely  divided  platinum  instead 
of  filter  paper,  for  the  reason  that  pure  distilled  water  extracts  a 
small  amoimt  of  oxycelluloses  and  cellulose  hydrates  from  filter 
paper  which  show  basic  reaction  toward  iodeosine  and  methyl 

orange. 

2.  pazPAKATion  or  sxagutts. 

Iodeosine  Solution. — About  500  cc  of  ordinary  ether  is  shaken  up 
with  one-tenth  its  volume  of  dilute  soditun  hydroxide  solution 
(5  per  cent)  in  a  separatory  funnel,  and  the  aqueous  layer  run  <^. 
The  ether  is  then  washed  two  or  three  times  with  distilled  water 
in  the  same  manner,  using  about  one-tenth  its  volume  of  water 
each  time.  From  3  to  5  mg  of  iodeosine  is  dissolved  in  this 
washed  ether.  The  solution  is  kept  in  a  glass-stoppered  bottle  in 
contact  with  about  one-tenth  its  volume  of  water.  On  long 
standing  (two  en*  three  weeks)  the  iodeosine  decomposes  to  a  con- 
siderable extent.  This  is  indicated  by  a  diminution  in  its  sensi- 
tiveness toward  0.001  N  add  or  base.  A  fresh  solution  should  then 
be  prepared. 

Potassium  Chloride  Sedution. — Prepare  a  10  per  cent  solution 
from  pure  recrystallized  potassium  chloride  and  "conductivity" 
water.  This  solution  should  show  an  ^)[Hx>ximately  neutral 
ction  toward  iodeosine  (the  amount  of  base  or  add,  expressed 
terms  of  HNO|,  should  not  exceed  one  part  in  a  miUion) . 
rhousandth  Normal  Nitric  Acid  and  Thoueandth  Normal  Alkali. — 
;pare  by  dilutii^  o.i  N  or  0.01  N  solutions  that  have  been 
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standardized  in  the  usual  way.  It  is  not  necessary  to  exclude 
carbon  dioxide.  Fresh  solutions  should  be  prepared  from  time  to 
time  on  account  of  the  solubility  of  the  glass  containers. 

3.  DETAILS  OF  THB  TBST  FOR  ACm  OR  BASE 

ID  cc  of  the  silver  nitrate  solution  to  be  tested  is  measured  into 
a  100  cc  beaker  by  means  of  a  pipette  or  graduate,  and  just  enough 
of  the  KCl  solution  added  to  completely  precipitate  the  whole  of 
the  silver  as  silver  chloride.  This  precipitate  is  removed  by  means 
of  a  filter  of  asbestos  or  finely  divided  platinum.  If  asbestos  is 
used,  any  appreciable  excess  of  KCl  solution  must  be  avoided  since 
it  reacts  with  the  asbestos,  forming  add  salts  which  appear  in 
the  filtrate.  (The  potassium  nitrate  formed  in  the  precipitation 
of  the  silver  chloride  has  no  suclj  action  upon  the  asbestos.)  Not 
more  than  from  3  to  5  drops  of  KCl  solution  in  excess  of  the 
amount  required  to  exactly  precipitate  the  whole  of  the  silver  as 
silver  chloride  should  be  tised. 

If  the  acidities  are  more  than  about  i  part  in  100  000,  the 
amount  of  acid  left  adhering  to  the  precipitate  and  the  filter  mat 
can  not  be  neglected.  Either  of  two  procedures  may  be  followed — 
(i)  the  precipitate  and  filter  mat  may  be  washed  two  or  three 
times  with  a  small  volume  of  neutral  water,  so  as  to  recover  all 
the  add  and  the  titration  then  made  with  the  total  volume  of 
the  filtrate;  (2)  10  cc  of  the  filtrate  may  be  taken  (without  wash- 
ing the  predpitate  and  filter  mat)  and  a  correction  applied  for 
the  difference  in  volume  between  10  cc  and  the  total  volume  before 
filtration.  These  two  methods  have  been  found  to  agree  in 
practice. 

Before  use,  the  filter  and  all  glass  vessels  should  be  tested  as 
to  their  effect  upon  the  neutrality  of  "conductivity"  water. 
This  is  done  by  determining  the  basidty  (or  addity)  of  the  water 
before  and  after  contact  with  the  glass  vessels  or  filtration  through 
the  filter.  Good  conductivity  water  (conductivity  less  ^han 
i.5Xior«)  from  final  distillation  from  alkaline  permanganate  is 
usually  basic  to  the  extent  of  about  0.6  parts  in  a  million,  as 
determined  by  titration  Mrith  o.ooi  N  add,  using  iodeosine  indi- 
cator in  the  manner  described  bdow.  The  change  in  basidty 
caused  by  filtration  or  contact  with  glass  vessels  (for  the  time 


530  Bulletin  of  the  Bureau  of  Standards  W^  9 

usually  occupied  in  a  regular  determination)  should  not  exceed 
0.3  parts  in  a  million. 

The  titration  is  carried  out  in  a  25  cc  glass  stoppered  cylinder 
of  resistant  glass  in  the  follo¥dng  manner:  Two  cc  of  distilled 
water  and  4  to  10  cc  of  the  ether  solution  of  iodeosine  are  first 
placed  in  the  cylinder.  This  aqueous-ether  solution  is  neutral- 
ized by  the  addition  of  o.ooi  N  add  or  alkali  imtil  i  cm-  2  drops  of 
the  O.OOI  N  solution  is  sufficient  to  change  the  solution  from 
colorless  to  a  very  distinct  pink,  cm-  vice  versa,  after  vigorous 
shaking.  If  this  change  is  not  sharp,  it  indicates  that  not  enough 
iodeosine  is  present  in  the  ether  soluticm  cm-  that  the  iodeosine 
has  partially  decomposed,  in  which  case  a  fresh  soluticm  should  be 
prepared.  Ten  cc  of  the  solution  to  be  tested  is  now  added  to 
this  neutral  solution  of  the  indicatcM-  and  neutralized  by  the  addi- 
ticm  of  o.cx>i  N  add  cm-  base.  Or,  if  preferred,  40  cm-  50  <x!  of  the 
ether  solution  may  be  neutralized  in  a  stoppered  cylinder  and 
used  as  required.  Each  cc  of  the  o.cx>i  N  solutions  contains 
o.cxxx)63  g  in  terms  of  nitric  add.  Hence,  fcM-  a  10  cc  sample,  the 
number  of  parts  per  millicm  in  the  solution  tested  is  given  by 
multiplying  the  ntunber  of  cc  of  solution  required  for  neutrali- 
zaticm  by  the  factcM-  6.3.  The  value  thus  obtained  is  ccnrected 
fcM-  the  amount  of  add  or  base  present  (if  any)  in  the' known 
volume  of  KCl  solution  used.  This  value  for  the  KCl  solution 
must  be  determined  before  and  after  each  series  of  determinations, 
since  it  tends  to  become  slowly  more  basic,  due  to  its  action  on 
the  glass  cxmtainer.  If  the  asbestos  or  glass  vessels  are  shown 
to  be  appreciably  soluble  by  the  test  with  conductivity  water, 
already  described,  correction  fcM-  the  amotmt  of  base  (or  add)  so 
dissolved  must  also  be  applied  by  making  a  blank  determination 
with  <x>nductivity  water,  using  the  same  voltune  as  used  in  a 
regular  determination  and  allowing  the  same  time  of  ccmtact 
with  the  vessels  and  filter.  The  solubility  of  the  vessels  and 
asbestos  filter  is  ttsually  so  very  sfight  in  the  time  required  for  a 
determination  that  it  can  be  entirely  n^lected;  if  it  is  appreciable, 
more  resistant  glassware  shotild  be  obtained.  If  asbestos  is  used 
for  filtering,  5  cc  of  the  KCl  solution  and  10  cc  of  neutral  dcmble- 
distilled  water  is  added  directly  (without  filtration)  to  the  neutral 
aquecms-^ther  soluticm  of  the  indicatcM-  in  the  titration  cylinder; 
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the  amotrnt  of  o.ooi  N  solution  required  for  neutralization  does 
not  usually  exceed  o.i  cc  (if  more  than  this  is  required,  the  KCl 
is  tmfit  for  use  and  a  more  nearly  neutral  sample  of  reoystallized 
KCl  should  be  prepared) . 

D.  PERMANGANATE  TEST  FOR  COLLOIDAL  SILVER  AND  OTHl^ 
REDUCING  IMPURITIES  IN  SILVER  NITRATE 

1.  OBJECT  OV  THS  TEST 

In  the  early  part  of  present  investigation  (July,  1909)  the 
behavior  of  various  electrolytes  toward  thousandth  normal  per- 
manganate solution  was  investigated  in  the  hope  that  it  would 
afford  some  clue  as  to  the  cause  of  the  marked  differences  in  the 
results  obtained  with  the  various  types  of  voltameters  then  in  use. 
It  was  suspected  that  these  discrepancies  were  in  some  way  con-" 
nected  with  the  presence  of  impurities  of  a  reducing  nature 
formed  either  by  the  action  of  organic  septa  or  possibly  by  sec- 
ondary reactions  at  the  anode  as  postulated  by  Richards,  Collins, 
and  Heimrod. 

Fmther  development  of  this  test  resulted  in  a  method  of  detect- 
ing these  highly  objectionable  reducing  impurities  that  proved  to 
be  far  more  sensitive  and  of  much  wider  application  than  had 
been  expected  from  it  at  first. 

The  greatest  value  of  the  permanganate  test  is  in  detecting 
minute  traces  of  colloidal  metallic  silver  which  may  be  formed  in 
the  process  of  fusing  pure  silver  nitrate  even  when  this  is  done 
with  great  care.  We  know  of  no  other  test  which  is  so  sensitive 
for  this  purpose.  This  test,  together  with  the  neutraUty  test 
described  in  the  preceding  section,  has  made  it  possible  to  specify 
a  standard  d^[ree  of  purity  of  fused  silver  nitrate  for  use  in  the 
voltameter.  As  will  appear  later,  this  can  not  be  safely  done  by 
fixing  the  conditions  of  fusion  in  respect  to  temperature,  time  of 
fusion,  etc. 

The  test  has  also  been  of  great  use  in  estimating  the  degree  of 
contamination  of  commercial  samples  of  silver  nitrate  with  organic 
material. 

2.  PREPARATION  OV  SOLUTIONS 

Thousandth  Normal  Permanganate  Solution, — Dissolve  0.0316  g 
of  crystals  of  potassitun  permanganate  in  distilled  water  and 
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dilute  to  I  liter.  This  solution  may  be  standardized  by  compari- 
son with  standard  sodium  oxalate.  The  solution  is  best  i^ieserved 
in  the  daii^,  and  should  be  kept  free  from  contamination  with  dust 
or  organic  material. 

Conceniraied  Nitric  Acid. — ^The  best  grade  of  commercial  c  p 
add  is  satisfactory.  It  should  be  tested  for  reducing  impurities 
as  follows:  i  cc  of  the  concentrated  add  is  diluted  to  lo  cc  with 
double-distilled  water  (in  glass-stoppered  cylinder)  and  i  cc  of 
o.ooi  N  permanganate  solution  added;  the  pink  color  should  per- 
sist for  20  minutes  or  longer.  The  concentrated  add  must  be 
kept  in  the  daii^  or  in  a  brown  bottle  and  preferably  in  a  cool 
place. 

t.  MSmOD  OP  MAXniO  THS  1V8T 

The  test  with  permanganate  is  made  as  follows:  10  cc  of  a  66.6 
per  cent  solution  of  the  AgNO,  to  be  tested  is  placed  in  a  glass- 
stoppered  cylinder  of  25  cc  capadty  and  addified  by  the  addition 
of  I  cc  of  concentrated  nitric  add  (free  from  reducing  substances) . 
After  thorough  mixing  of  the  add  and  solution,  0.5  cc  of  the 
O.OOI  N  permanganate  is  added  and  the  whole  again  shaken  to 
mix  the  solutions.  The  time  required  for  the  pink  color  to  fade 
is  noted.  After  the  solution  is  colcM'less  a  second  half  cubic  centi- 
meter of  the  permanganate  solution  is  added  as  before.  The 
addition  of  the  permanganate  is  continued  in  portions  of  one-half 
cubic  centimeter  until  the  color  persists  tmdiminished  in  mtensity 
for  five  minutes  or  longer. 

4.  TBsrmG  roR  OROAinc  ncpURmBS 

For  the  detection  of  the  more  resistant  forms  of  organic  reduc- 
ing impurities  (prindpally  cellulose  hydrates  from  filter  paper) 
the  add  silver  nitrate  oystals  should  be  first  fused.  The  more 
reactive  reduction  products  thus  formed  (prindpally  colloidal  sil- 
ver) readily  reduce  permanganate.  The  amount  of  these  more 
active  reduction  products  formed  (even  from  very  resistant  or- 
ganic material)  is  suffident  to  render  the  test  a  very  sensitive  one 
for  the  detection  of  organic  material  in  general. 

The  reliability  of  the  "fusion-permanganate  test"  as  a  means 
of  detecting  the  presence  in  silver  nitrate  of  reducing  impurities 
not  otherwise  capable  of  detection  by  any  method  3ret  employed 
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(except  perhaps  the  ''volume  effect"  m  the  voltameter)  is  illus- 
trated by  the  following  tests  (Table  14)  applied  to  solutions  con- 
taining  known  amounts  of  cane  sugar  and  filter  paper  extract  (oxycel- 
luloses) .  It  will  be  seen  that  except  where  the  silver  separated  in 
"massive  condition"  the  "permanganate  numbers"  are  approxi- 
mately proportional  to  the  amounts  of  organic  material  added  and 
that  exceedingly  small  traces  can  be  detected  in  this  way.  The 
salt  used  was  recovered  from  used  solutions  by  evaporation  and 
recrystallization  from  10  per  cetit  HNO,  solution.  The  crystals 
were  centrifugally  drained  and  were,  of  course,  strongly  acid. 
After  fusion  in  the  manner  described  10  cc  of  a  66.6  per  cent 
solution  required  only  i  cc  of  thousandth  normal  permanganate 
to  produce  a  color  which  persisted  for  longer  than  one-half  hour. 
In  the  table,  by  "permanganate  number"  is  meant  the  number 
of  cubic  centimeters  of  thousandth  normal  permanganate  reduced 
by  ID  cc  of  a  66.6  per  cent  solution  of  the  fused  silver  nitrate,  the 
fusion  and  test  being  made  in  the  manner  described.  The  filter 
paper  extract  was  prepared  by  digesting  about  3  g  of  Schleicher  & 
Schull  No.  597  filter  paper  in  25  cc  of  distilled  water  at  30®  C  for 
ID  minutes  and  filtering  through  a  sheet  of  the  same  paper. 
Measured  volumes  of  a  standard  solution  of  the  impurity  was  added 
to  a  definite  volume  (30  cc)  of  a  66.6  per  cent  solution  of  the  silver 
nitrate  and  the  mixed  solution  was  evaporated  to  dryness  in  a  50 
cc  platinum  dish  on  the  steam  bath  and  then  fused  in  the  same 

dish. 

TABLE  14 


( 

Amoant  and  Und  ol  impurity  added             number  after 

flulni 

.^ 

1  cc  of  (liter  paper  eitract 

3.5 
5.0 

12.5 
3.0 
8.0 

13.0 

35.0 

• 

2ccetfl]terpapereitractxa a 

0.1  cool  0.5  per  cent  tohitlon  el  cane  togar 

0.5  cc  el  0.5  per  cent  tohitlon  el  cane  fogaT 

1  cc  el  0.5  aer  cent  aelution  el  cane  ancar 

CenalJerable  gray  metallic  aOver  aepa- 

laled 
Bleat  el  the  aOver  aepaiated  aa  tiM 

5  cc  d  0.5  per  cent  aelntioo  d  cane  aofar 

efdinary  gray  metallic  variety  (nin* 
celMdal) 
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It  is  not  claimed,  of  cotirse,  that  the  organic  material  is  com- 
pletely oxidized  to  carbon  dioxide  (or  carbon  monoxide)  and  water, 
but  the  partial  oxidation  is  sufficient  to  render  the  method  very 
sensitive  indeed  as  a  means  of  detecting  the  presence  of  traces  of 
organic  reducing  material.  Thus,  less  than  o.ooi  per  cent  of  cane 
sugar  can  be  readily  detected  in  this  way;  this  corresponds  to 
o.oooi  per  cent  in  a  10  per  cent  solution  of  the  salt.  This,  of  course, 
is  much  more  sensitive  than  any  method  of  direct  combustion 
would  probably  prove  imder  the  conditions,  besides  possessing 
very  great  advantages  in  the  matter  of  expediency  and  simplicity. 
We  have  not  yet  definitely  shown  that  the  test  is  of  universal 
application  to  all  classes  of  organic  substances,  although  it  is 
capable  of  revealii^  very  small  amounts  of  even  such  a  difficultly 
oxidizable  substance  as  paraffin,  so  that  it  seems  highly  probable 
that  no  appreciable  amount  of  organic  material  of  any  kind  could 
escape  the  test.  Certainly  any  reducing  material  sufficiently 
active  to  produce  any  reducing  action  u^xm  silver  nitrate  solution 
could  not  possibly  escape  detection  by  this  test.  This  is  illus- 
trated by  the  case  of  cane  sugar  mentioned  above,  for  this  sub- 
stance has  practically  no  reducing  action  whatever  on  silver 
nitrate  solutions  (Part  II,  p.  252) ;  yet  if  silver  nitrate  containii^ 
traces  of  it  be  fused,  sufficient  colloidal  silver  is  formed  to  enable 
it  to  be  readily  detected  by  the  permanganate  test.  This  test, 
together  with  the  iodeosine  test  for  "  neutrality,"  has  been  a  very 
important  factor  in  increasing  the  reproducibility  of  the  voltam- 
eter, the  results  being  independent  of  the  source  of  the  material. 
Likewise  the  two  tests  mentioned  have  enabled  us  to  obtain 
concordant  results  with  silver  nitrate  ptuified  by  two  dififerent 
methods,  (i)  by  recrystaUization  from  faintly  acid  solution,  (2)  by 
recrystallization  from  strongly  acid  solution  followed  by  fusion. 

5.  TSSTIHO  FOR  COLLOmAL  SUVBR 

The  following  test  shows  the  reliability  of  the  permanganate 
test  as  a  method  of  accurately  estimating  the  amount  of  colloidal 
silver  present  in  silver  nitrate. 

A  colloidal  silver  solution  prepared  by  Bredig's  method  (using 
conductivity  water  of  the  highest  purity)  was  titrated  first  against 
a  standardized  solution  of  ammonium  sulphocyanate,  and  then  an 
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eqtial  volume  of  the  same  solution  was  titrated  against  thou- 
sandth normal  permanganate  in  the  usual  manner,  allowing  five 
minutes  for  the  pink  color  to  discharge  itself.  The  agreement 
between  the  values  was  well  within  the  experimental  error. 

N 
25  cc  of  Bredig's  silver  hydrosol  required  0.4  cc  of NH4CNS 

solution. 

N 
25  cc  of  Bredig's  silver  hydrosol  required  3.75  cc  of KMn04 

solution. 

N 
The  calculated  equivalent  of  0.4  cc  of NH4CNS  is  4  cc  of 

N 

KMn04.    The  agreement  would  probably  be  closer  with 


1000 

thousandth  normal  NH4CNS  solution  instead  of  hundredth  normal. 

By  titrating  concentrated  solutions  of  silver  nitrate  (60  to  70 
per  cent)  with  thousandth  normal  permanganate  less  than  0.00 1 
per  cent  of  colloidal  silver  may  be  detected  in  this  manner. 

As  prviously  stated,  the  test  is  particularly  applicable  to  the 
detection  and  estimation  of  colloidal  silver  formed  by  "over- 
fusion  "  of  silver  nitrate.  That  the  reducing  substance  formed  in 
this  way  is  colloidal  silver  and  not  subnitrate  is  indicated  by  the 
appearance  of  solutions  of  the  fused  salt  when  examined  imder 
the  ultramicroscope ;  the  presence  of  colloidal  particles  is  readily 
revealed  in  this  way.  Colorimetric  estimation  of  the  nitrites  pres- 
ent in  such  fused  salt  shows  that  these  are  not  present  in  amounts 
sujfficient  to  account  for  an  appreciable  proportion  of  the  perman- 
ganate reduced. 

The  permanganate  test  is  equally  applicable  to  the  detection  of 
reduced  colloidal  silver  in  recrystalUzed  silver  nitrate. 

In  testing  recrystalUzed  salt  it  is  always  advisable  to  test  a  por- 
tion of  it  with  permanganate  both  before  and  after  fusion.  The 
test  before  fusion  will  indicate  whether  the  process  of  recrystalli- 
zation  has  been  properly  carried  out,  and  the  test  upon  the  fused 
salt  will  reveal  the  presence  of  any  organic  material  which  may 
by  accident  have  found  its  way  into  the  material.  In  our  f lulher 
investigations  no  silver  nitrate  has  been  used  in  the  voltameter 
without  first  being  tested  in  this  way.  In  addition  great  care 
was  of  course  exercised  in  protecting  the  material  from  dust  and 
other  sources  of  contamination  with  organic  material. 
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S.  DlSnUATIO  V  AMD  TBSTIHO  OF  THB  WATBSL 

L  MBTBOD  09  D0TIIXATKMI 

The  water  used  in  maldng  the  electrolyte  for  the  voltameters 
has  been  twice  distilled.  It  has  always  been  free  from  suspended 
matter  and  carefuUy  kept  in  large  stoppered  bottles  of  resistant 
glass  that  have  been  in  use  for  some  years  and  now  produce  very 
little  eflFeet  on  the  conductivity  of  the  water.  The  ni^thod  of  pre- 
paring the  water  has  been  as  follows:  Water  from  the  city  mains, 
having  a  conductivity  of  about  3  x  icr*,  is  passed  directly  through 
an  automatic  rq;ulator  into  a  large  block  tin  still  having  a  daily 
capacity  of  75  liters.  The  water  is  boiled  by  steam  at  40  pounds 
pressure,  passing  through  a  coil  in  the  container  of  the  stilL 
Before  reaching  the  condenser  the  vapor  passes  through  a  bed  of 
quartz  to  remove  any  particles  of  matter  that  might  be  carried 
over  mechanically.  After  condensation  the  water  is  collected  in 
a  large  glass  carboy.  The  conductivity  of  this  is  from  3  to 
6xior«. 

The  second  distillation  takes  place  in  another  still  of  smaller 
capacity.  The  first  distilled  water  is  rendered  alkaline  and  potas- 
sium permanganate  added  before  being  put  into  the  second  stilL 
Heat  is  supplied  by  steam  under  pressure  as  before.  The  water 
vapor  passes  through  traps  to  catch  any  matter  carried  over  me- 
chanically, and  then  is  condensed  in  block  tin.  The  water  is  col- 
lected in  a  large  glass  receiver  with  a  guard  tube  of  soda  lime  and 
H,S04.  A  considerable  fraction  of  the  distilled  water  is  discarded 
at  the  b^^inning  and  end,  only  the  middle  portion  being  saved. 
Tests  for  ammonia  are  always  made  with  Nessler's  reagent,  and 
from  time  to  time  we  have  made  conductivity  tests  also.  The 
conductivities  have  ranged  from  0.85  X  icr*  to  2  x  lor*,  but  were 
usually  about  1.3  x  icr*. 

8.  RgQUlHWlUHTS  AS  TO  C01ll>UCli Vm ,  ALgATJIflTT,  SIC 

As  we  lay  great  stress  on  the  necessity  for  purity  of  the  dectro- 
13^  in  the  silver  voltameter,  it  is  axiomatic  that  only  the  best 
water  should  be  used.  This  precaution  becomes  of  especial  im- 
portance, because  the  impurities  which  increase  the  conductivity 
of  the  water  are  usually  alkalis.  We  have  found  that  alkali  in 
the  electrolytes,  although  not  present  in  sufSdent  amounts  to 
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show  a  precipitate,  will  nevertheless  increase  the  deposit  of  silver 
and  in  some  cases  alter  slightly  the  appearance  of  the  deposit. 
We  have  measured  the  conductivities  of  distilled  water  contain- 
ing known  amounts  of  imptuities  and  conclude  that  for  work  of 
the  highest  precision  the  water  should  not  have  a  greater  conduc- 
tivity than  2.5  X  ior«. 

It  sometimes  happens  that  when  neutral  AgNO,  is  used  the 
resulting  solution  will  show  a  slight  trace  of  alkalinity  when 
tested  with  iodeosine,  which  is  due  to  the  alkalinity  of  the  water 
itself.  In  some  instances  we  have  rendered  such  electrolytes 
slightly  acid  by  the  addition  of  ptue  nitric  acid,  but  more  recent 
tests  have  shown  that  this  is  a  doubtful  procedure.  This  is  due 
to  the  fact  that  alkaline  water  absorbs  or  combines  with  larger 
quantities  of  carbon  dioxide  from  the  atmosphere  than  neutral 
water  and  the  mere  addition  of  acid  does  not,  of  course,  expel 
the  gas  (unless  the  solution  is  boiled).  We  have  found  that  free 
carbon  dioxide  in  the  electrolyte  in  some  manner  greatly  increases 
the  weight  of  silver  deposited  in  the  voltameter;  consequently 
any  procedure  which  tends  to  increase  the  normal  amount  of 
carbon  dioxide  which  is  unavoidably  retained  by  the  ekctroljrte 
(when  working  in  an  atmosphere  of  ordinary  air)  mtist  be  care- 
fully avoided.  The  water  should  therefore  be  as  nearly  neutral 
as  possible  as  it  comes  from  the  still.  In  testing  the  neutrality 
of  the  water  a  neutral  solution  of  iodeosine  in  the  ether-water 
mixture  is  prepared  as  described  on  page  529  and  10  cc  of  the 
water  to  be  tested  added  to  this  and  the  titration  made  with 
thousandth  normal  acid  or  alkali  as  in  testing  any  other  solution. 

The  question  as  to  the  manner  in  which  the  carbon  dioxide 
increases  the  weight  of  the  electro-deposited  silver  will  be  given 
attention  in  a  subsequent  article. 

r.  STAHDARD  METHODS  FOR  THE  PRBPARATIOH  OF  SILVER  UTTRATE 

FOR  USB  IN  THE  VOLTAMETER 

L  SOUltCB  or  MATXRIAL 

The  methods  of  purification  described  on  the  following  pages 
are  intended  to  be  applied  only  to  silver  nitrate,  which  is  already 
of  a  fair  d^;ree  of  purity.  Preferably  it  should  conform  to  tests 
such  as  are  given  in  any  of  the  good  manuals  on  the  ptuity  of 
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reagents.  Most  of  the  c  p  or  ''analyzed"  salt  obtained  from  the 
best  manufacturers  is  satisfactory  material  with  which  to  start. 
Of  course  any  one  of  the  special  methods  to  be  described  may  be 
repeated  as  often  as  desired,  oc  until  there  is  no  further  change  in 
the  values  obtained  in  the  voltameter;  but  in  case  the  material 
does  not  conform  to  the  tests  referred  to  above  it  will  save  much 
labor  first  to  recrystallize  the  salt  from  strongly  acid  solution  until 
it  does  meet  these  requirements  except  as  to  neutrality  and  then 
remove  the  add  by  one  of  the  special  methods  of  purificaticm  to  be 
described. 

If  the  salt  is  prepared  from  metallic  silver  and  nitric  add,  the 
excess  add  must  be  removed  dther  by  the  method  of  recrystal- 
lization  or  by  fusion,  both  of  which  processes  are  described  in 
detail  bdow. 

2.  PUUnCATIOM  BT  KBCRT8TALUX4TIOir 

The  very  sensitive  iodeosine  test  for  uncombined  add  and  base, 
described  in  secticm  C,  shows  that  salt  obtained  by  recrystalli- 
zaticm  from  neutral  water  is  slightly  bask.  This  is  especially 
true  if  fairly  dilute  solutions  are  concentrated  by  evaporation 
(even  under  diminished  pressure)  in  order  to  cause  a  separation 
of  oystals. 

Tl^  formation  of  fointly  basic  oystals  has  been  observed  when 
quartz  vessels  were  used  and  when  every  precaution  was  taken  to 
insure  the  purity  and  especially  the  neutrality  of  the  water.  The 
amount  of  base  present  in  crystals  so  prepcu'ed  as  determined  by 
the  iodeosine  test  has  never  been  found  to  exceed  two  parts  per 
hundred  thousand  in  the  solid  salt  oc  two  parts  per  million  in  10 
per  cent  solution.  Notwithstanding  the  fact  that  this  trace  of 
base  may  be  n^ligible  for  most  work,  even  of  an  exact  nature,  it 
can  not  be  disregarded  in  work  with  the  silver  voltameter,  because 
it  gives  rise  to  the  "  voliune  effect "  which  has  been  observed  with 
electrolytes  known  to  be  contaminated  with  filter  paper,  added 
base,  etc.  In  recrystallizing  there  is  also  a  tendency  for  the  salt 
to  become  slightly  reducing  in  character  (unless  traces  of  add  are 
present).  This  is  brought  about  by  heating  the  solution.  The 
greater  part  of  the  trouble  experienced  in  the  earlier  work  with 
salt  recrystallized  from  neutral  sohttion  was  probably  due  to  the 
basic  reaction  of  the  crystals  rather  than  to  reducing  imptuities. 
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If  the  recrystallization  is  carried  out  with  faintly  acid  solutions 
and  the  crystals  drained  until  they  are  either  exactly  neutral  or 
faintly  acid  (a  few  parts  per  100  000),  the  process  may  be  re- 
peated until  the  salt  does  not  show  the  "voliune  effect"  and  does 
not  reduce  permanganate.     (See  p.  516.) 

R^fulating  the  acidity  of  the  solution  so  that  the  drained  crys- 
tals are  not  basic,  on  the  one  hand,  nor  too  strongly  add,  on  the 
other,  is  often  rather  difl&cult.  Moreover,  the  yield  of  crystals  is 
ordinarily  not  much  greater  than  half  of  the  salt  taken.  For 
these  reasons  it  was  found  more  convenient  and  more  economical 
to  first  crystallize  from  strongly  acid  solution  (10  per  cent  or  more) 
and  then  expel  the  acid  by  fusion  in  the  manner  described  in  sec- 
tion  G.  This  was  done,  however,  only  after  it  had  been  found  thai 
the  fusion  process  when  properly  regulated  yields  salt  which  gives  the 
same  results  in  the  voltameter  as  the  recrystaUized  salt. 

A  solution  which  is  neutral  toward  iodeosine  remains  neutral 
after  heating  at  the  temperature  and  for  the  length  of  time  usually 
required  in  recrystallizing,  yet  the  crystals  obtained  when  the 
same  solution  is  allowed  to  cool  will  show  the  basic  reaction 
referred  to  above.  This  indicates  that  while  the  heating  process 
may  produce  silver  hydroxide  (or  basic  silver  nitrate) ,  the  equiva- 
lent amount  of  acid  still  remains  in  solution,  and  therefore  after 
precipitating  and  removing  the  silver  as  silver  chloride,  the  filtrate 
is  still  neutral  toward  iodeosine.  This  behavior,  in  our  opinion, 
is  due  to  a  very  slight  hydrolysis  of  silver  nitrate  (p.  526)  which  is 
favored  by  the  higher  temperature.  It  is  probable  that  the  silver 
hydroxide  (or  basic  nitrate)  formed  by  hydrolysis  at  the  higher 
temperature  becomes  colloidal  and  separates  with  the  crystals. 

The  important  requirement  in  purifying  silver  nitrate  entirely 
by  recrystallization  is  to  have  the  mother  liquor  of  the  final  crys- 
tallization su£Bciently  acid  to  prevent  the  crystals  from  becoming 
basic,  but  not  sufficient  to  cause  them  to  become  too  strongly 
acid  for  use  in  the  voltameter  (i.  e.,  the  crystals  must  not  contain 
more  than  a  few  thousandths  of  i  per  cent  of  add).  The  maxi- 
mum addity  of  the  mother  liquor  that  is  permissible  in  the  final 
crystallization  depends  a  great  deal  upon  the  efficiency  of  the 
means  used  for  draining  the  crystals,  but  is  about  i  per  cent  for 
the  most  efficient  centrifugal  draining.     On  the  other  hand,  the 
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tmnimum  concentration  of  add  that  will  prevent  the  formation 
of  basic  crystals  is  approximately  o.i  per  cent  of  the  water  used 
as  solvent,  although  this  also  depends  to  some  extent  upon  the 
temperature  to  which  the  soluticm  is  heated  and  upon  the  time  of 
heating.  The  temperature  should  be  regulated  between  loo^ 
and  iio^  C  (the  boiling  point  of  concentrated  solutions  is  above 
these  limits),  and  the  time  required  for  disint^^ting  the  crystals 
ought  not  to  exceed  two  hours.  Crystallization  by  evaporation 
even  at  ordinary  temperatures  in  vacuo  does  not,  however,  in  our 
experience,  prevent  the  oystals  from  becoming  faintly  basic 
when  separated  from  perfectly  neutral  solution. 

Best  results  have  been  obtained  by  recrystallization  from  seda- 
tions made  acid  to  the  extent  of  0.5  per  cent  of  the  water  used 
and  draining  the  crystals  obtained  by  means  of  a  porcelain  centri- 
fuge, having  a  rotating  basket  approximately  15  cm  in  diameter 
and  tising  1200  r.  p.  m." 

The  salt  used  in  preparing  electrolyte  E  (Report  to  International 
Committee,  p.  158)  was  prepared  in  this  way  and  contained  0.003 
per  cent  nitric  acid  and  showed  no  volume  effect  cm*  permanganate 
reduction  either  before  or  after  fusion.  Data  concerning  various 
electrolytes  from  recrystallized  salt  prepared  in  this  manner  will 
be  given  in  Part  IV  of  this  series.  It  was  fotmd  that  salt  recrystal- 
lized first  from  10  per  cent  nitric  acid  solution  (with  centrifugal 
draining)  and  then  from  neutral  twice-distilled  water  contained 
just  about  the  right  amount  of  acid  for  use  in  the  voltameter 
(i.  e.,  from  o.ooi  per  cent  to  0.003  per  cent  of  the  solid  salt). 

All  but  the  final  crystallization  may,  of  course,  be  made  from 
strongly  add  solution.  This  is  advisable,  not  only  because  of 
the  greater  yield  obtained,  but  also  because  it  seems  to  facilitate 
the  removal  of  reducing  impurities,  so  that  fewer  crystallizations 
are  required  to  give  a  satisfactory  product." 

The  crystallization  is  carried  out  in  porcelain,  quartz,  or  plati- 
num vessels.    No  differences  have  ever  been  observed  in  the 


X  H  >  centrifutc  to  not  vnUthlt,  the  dnbajng  may  bt  ^t  t  iipjltkul  by  meaam  d  >  potcdriafoBttd  with 
pcdontcd  dnbaiog  plftte  fitted  to  an  ocdfawiy  filtering  bottle,  which  het  been  thonmghly  Icnched  oat. 

•ohitiaa  has  been  cooled  to  faioceae  tlw  yield  of  Mtt,  shioe  the  main  poftkn  of  mother  fiq^ 
femoved  by  Uik  means  bcfbce  it  hat  had  time  to  disscdve  mote  salt  in  wmnninf  to  room  tcmpcratttie. 

^<  If  the  salt  b  atroofly  oontamtnated  with  filter  paper  or  other  organic  reducing  material,  a  i 
fiisioa  until  it  begins  to  darken  and  is  slightly  basic  lessens  the  number  of  crystallisatioas 
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results  obtained  with  salt  crystallized  in  vessels  made  of  these 
several  materials.  We  prefer  porcelain  vessels,  since  they  are 
obtainable  in  a  larger  assortment  of  convenient  sizes  and  shapes; 
and  because  of  their  lower  cost  one  need  not  be  handicapped  by 
having  to  work  with  a  limited  number. 

In  dissolving  crjrstals  of  silver  nitrate  it  is  best  to  heat  the 
solution  over  a  steam  bath.  A  free  flame  should  not  be  used. 
In  some  cases  we  have  heated  the  beaker  containing  the  solution 
in  a  cylindrical-shaped  vertical  electric  furnace  of  sufficient  depth 
to  permit  of  the  heating  of  the  solution  uniformly  for  about  one-half 
its  depth.  The  temperature  was  kept  at  about  1 20^  C.  The  upper 
portion  of  the  beaker  should  be  protected  from  radiated  heat  by 
means  of  a  sheet  of  asbestos  provided  with  a  circular  opening  to 
admit  the  beaker. 

The  yield  from  a  single  crystallization  is  greatly  increased  by 
cooling  the  mother  liquor  with  an  ice  bath  or  freezing  mixture, 
provided  the  crystals  are  immediately  drained  before  they  have 
time  to  redissolve  as  the  solution  warms  up  to  the  temperature 
of  the  room. 

In  crystallizing  from  strongly  add  solution  the  yield  may  be 
further  increased  by  adding  the  add  after  the  crjrstals  have  been 
dissolved  in  neutral  water  and  before  the  solution  has  cooled 
suffidently  to  cause  a  separation  of  the  crystals.  Addition  of 
the  add  causes  an  immediate  separation  of  the  larger  portion  of 
the  salt  in  the  form  of  very  fine  crystals.  In  this  form  they  are 
more  readily  freed  from  excess  nitric  add  by  draining. 

S.  PUBDiCATKm  BT  SBCBY8TAIXIZATION  lEOM  IRTBIC  ACID  VOLLOWXD  BT  WUBiOm 

The  salt  should  first  be  recrystallized  from  strong  nitric  add 
solution  in  the  manner  described  in  the  preceding  section  and  the 
process  repeated  until  10  cc  of  a  66.6  per  cent  solution  of  the  well- 
drained  crystals  reduces  not  more  than  i  cc  of  thousandth  normal 
permanganate  solution. 

The  crystals  are  then  fused  under  conditions  which  insure  the 
retention  of  a  few  thousandths  of  i  per  cent  of  the  add.  The 
conditions  of  fusion  which  have  been  found  to  give  the  best 
results  are  described  on  page  549. 
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Ordinarily  the  product  thus  obtained  will  not  have  a  permanga- 
nate number  greater  than  two  and  will  not  show  the  volume 
effect  or  any  other  evidence  of  contamination  with  objectionable 
impurities.  If  the  product  reduces  more  than  this  amount  of 
permanganate  cm-  shows  other  evidence  of  the  presence  of  impuri- 
ties»  the  salt  must  again  be  reoystallized  from  strongly  add 
solution  and  fused  again  in  the  same  manner.  This  treatment 
(alternate  oystallization  and  fusion)  must  be  repeated  tmtil  the 
final  fused  product  conforms  to  the  following  requirements: 

(a)  It  must  contain  not  more  than  two  parts  ncr  less  than  0.5 
part  of  nitric  add  in  one  hundred  thousand  parts  of  solid  salt  (or 
in  <me  million  parts  of  a  10  per  cent  solution).  It  is  not  difficult 
to  realize  this  requirement  if  the  fusion  is  carried  out  as  described 
on  page  549,  since  the  process  of  fusion  expels  all  but  about  this 
amount  of  add. 

(b)  A  10  cc  sample  of  a  66.6  per  cent  solution  must  not  decolorize 
more  than  2  cc  of  o.ooi  N  permanganate  solution,  the  perman- 
ganate being  added  one-half  cubic  centimeter  at  a  time  and  five 
minutes  allowed  to  elapse  after  the  addition  of  each  portion. 

Before  dissolving  the  fused  salt  (in  preparing  the  electrolyte) 
the  surface  is  washed  by  placing  the  solid  cake  in  a  funnel  and 
quickly  pouring  sufficient  water  over  it  to  remove  a  thin  outer 
layer  of  the  salt.  This  addition  to  the  process  of  preparing  the 
electrolyte  was  suggested  and  first  used  by  Mr.  F.  E.  Smith  of  the 
National  Physical  Laboratory.  The  object  was  to  remove  any 
possible  traces  of  dust  or  other  impurities  which  may  have  col 
lected  on  the  surface.  We  have  found  that  in  cases  of  badly  con- 
taminaied  stiver  nitrate  this  washing  process  also  sometimes  removes 
a  considerable  portion  of  the  reducing  substances  (probably  findy 
divided  metallic  silver  or  coagulated  colloidal  silver)  which  is 
found  to  accumulate  on  the  surface.  This  is  indicated  by  the  fact 
that  in  some  such  instances  we  have  observed  that  these  stufaoe 
washings  reduce  appreciable  amounts  of  thousandth  normal  per- 
manganate, whereas  the  washings  from  the  interior  of  the  fused 
cake  may  reduce  much  less  permanganate  than  that  from  the 
stuiace.  For  this  reason  washing  the  surface  may  sometimes 
shorten  the  purifying  process.  The  chief  value  of  the  process  of 
fusing  the  salt,  however,  lies  in  the  aid  it  gives  in  quickly  removing 
the  excess  add  and  more  important  still,  the  very  sensitive  and 
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convenient  means  it  afifords  in  connection  with  the  permanganate 
test,  of  detecting  the  presence  of  colloidal  silver  and  also  any  reducing 
impurities  which  are  so  objectionable  in  voltameter  work. 

4.  puuncATioN  ov  usBD  soLimoirs 

In  preparing  pure  silver  nitrate  from  old  used  solutions,  espe- 
cially those  strongly  contaminated  with  filter  paper  or  which  had 
been  stored  in  glass  containers  for  several  months,  we  have  in  some 
cases  evaporated  the  solutions  completely  to  dryness  in  porcelain 
vessels,  and  subsequently  fused  until  the  melt  darkened  slightly. 
This  treatment  decomposes  any  organic  reducing  material  present 
and  renders  most  of  the  silica,  iron,  etc.  (from  the  glassware) 
insoluble. 

The  soKd  was  then  dissolved  in  hot  distilled  water  without  the 
addition  of  add  and  filtered  through  asbestos  to  free  it  from  the 
greater  portion  of  siUca  and  insoluble  oxides.  This  material  when 
crystallized  from  10  per  cent  nitric  add  solution,  centrifugally 
drained  in  a  porcdain  centrifuge  and  fused,  usually  gave  a  satis- 
factory product;  if  not,  it  was  recrystallized  from  10  per  cent  nitric 
add,  drained,  and  fused  again.  This  second  treatment  has  always 
yidded  a  satisfactory  product. 

If  the  solution  is  not  too  strongly  contaminated,  the  mother 
liquor  may  be  evaporated  again  and  a  second  crop  of  crystals 
obtained,  or,  as  suggested  by  Mr.  F.  E.  Smith,  it  may  be  used  as  a 
solvent  for  other  salt  to  be  purified  in  the  same  manner. 

s.  pROTBcnoir  from  dust 

During  all  the  processes  of  preparing  the  salt,  it  was  protected 
from  any  appreciable  contamination  with  dust  by  means  of  cover 
glasses  cw  inverted  crystallizing  dishes,  which  were  kept  over  the 
salt  or  solution  except  when  the  transferring  of  the  salt  from  one 
container  to  another  prevented,  and  even  in  these  cases  a  large 
cover  glass  was  held  above  the  vessels  and  between  the  operator 
and  the  material.  We  have  never  observed,  however,  that  short 
exposing  to  the  usual  conditions  of  the  atmosphere  (provided  it  is 
free  from  fumes)  has  in  any  way  afifected  the  properties  of  the  salt 
as  shown  by  the  chemical  tests  described  (neutrality  and  reducing 
properties)  or  by  the  values  obtained  with  the  voltameter,  and 
therefore  believe  this  is  only  a  minor  source  of  contamination  as 
compared  to  those  discussed  at  the  b^;inning  of  this  chapter. 
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O.  FUSION  Of  SILVBR  HITRATB 

L  BffBCT  or  PSOU>llOBD  VU8K>H  AT  TSMPBKATUXXS  HXAm  TBB  MBLTIVO  PODTT 

The  first  fused  silver  nitrate  prepared  in  the  present  work  was 
fused  under  conditions  which  were,  as  nearly  as  practicable,  the 
same  as  described  by  Richards  and  Forbes  '*  in  their  work  on  the 
atomic  weight  of  nitrogen.  The  salt  was  prepared  by  dissolving 
very  pure  metallic  silver  in  redistilled  nitric  acid.  Several  sam- 
ples of  silver  from  different  sources  were  used  and  led  to  the  same 
results. 

The  product  obtained  did  not,  however,  prove  satisfactory  for 
voltameter  work,  since  it  reduced  appreciable  amounts  of  thou- 
sandth normal  permanganate  (14  g  reducing  from  3  to  4  cc),  and 
in  50  per  cent  solution  even  gave  a  striated  deposit  when  electrolyzed. 
It  was  therefore  concluded  that  the  acid  could  not  be  completely 
expelled  by  fusion  without  slightly  decomposing  the  salt  into 
metallic  silver,  which,  of  course,  is  to  be  avoided  above  all  other 
impurities  in  voltameter  work. 

At  the  time  these  fusions  were  made  the  iodeosine  test  for  neu- 
trality had  not  been  fully  developed,  and  we  had  not  yet  discovered 
that  f tision  for  a  much  shorter  time  sufSces  to  remove  the  free 
add  (although  not  all  the  moisture  and  air).  The  fusion  method 
was  therefore  abandoned  for  the  time  and  recourse  had  to  the 
method  of  recrystallizaticm. 

While  it  appeared  possible  that  these  tmsatisfactory  results 
might  have  been  due  to  failure  on  our  part  to  exactly  duplicate 
the  conditions  described  by  Richards  and  Forbes,  it  was  apparent 
that  if  this  were  so  the  limits  within  which  the  conditions  could 
be  safely  varied  must  be  very  narrow;  too  narrow,  indeed,  to  ren- 
der the  process  free  from  grave  danger  of  introducing  contamioa- 
tions  into  the  electrolyte. 

It  seems  that  no  such  narrow  limitations  apply  to  the  method 
of  fusing,  if  the  sole  object  is  to  determine  the  mass  of  the  salt  for 
purposes  of  atomic  weight  work.  This  was  admirably  demon- 
strated by  Richards  and  Forbes,  who  showed  that  the  salt  could 
be  kept  in  a  fused  condition  at  210^  C  for  several  hours  longer 
than  the  usual  time  which  they  employed  without  suffering  loss 
in  weight,  or  it  could  be  redissolved,  evaporated,  and  fused  again 

>*  J.  Am.  Ch.  80c.  !•«  p.  80S. 
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wUhout  undergoing  any  change  in  wetght  which  was  sufficient  to 
affect  their  results.  In  such  cases  ^*  the  salt  sometimes  became 
slightly  darkened,  yet  without  suffering  significant  loss  in  weight. 
On  the  other  hand,  it  has  been  observed  many  times  in  the  present 
investigation  that  if  fused  salt  is  discolored,  even  only  slightly,  it 
will  give  a  pronounced  volume  effect  and  will  yield  a  striated 
deposit  with  the  accompan}ring  high  value  for  the  electrochemical 
equivalent  of  silver.  This  is  due  to  the  magnified  effect  produced 
by  mere  traces  of  reducing  impurities  (and  colloidal  silver)  in  the 
voltameter. 

It  does  not  seem  necessary  to  further  describe  the  conditions  of 
fusion  in  this  earlier  work  in  which  the  attempt  was  made  to 
duplicate  the  conditions  of  Richards  and  Forbes,  except  to  state 
that  great  care  was  exercised  in  excluding  all  organic  material 
and  special  precautions  were  taken  to  have  the  temperature  of 
the  oven  uniform  in  order  that  the  acttial  temperature  at  which 
the  fusion  was  carried  out  could  be  accurately  determined.  The 
only  conditions  differing  from  those  describe  by  Richards  and 
Forbes  that  were  knowingly  altered  consisted  in  the  use  of  a 
quartz  evaporating  dish  instead  of  the  quartz  flask  used  in  their 
work.  This  was  done  because  a  quartz  flask  was  not  available  at 
the  time.  When  the  evaporating  dish  was  used,  the  salt  was  pro- 
tected from  dust  by  means  of  an  inverted  funnel  clamped  in  posi- 
tion just  above  the  dish;  the  stream  of  dry  and  dust-free  air  entered 
through  a  delivery  tube  which  passed  through  the  funnel  stem. 
The  circumstance  that  in  the  present  work  it  was  not  necessary  to 
carefully  guard  against  loss  of  silver  by  spattering  simplified  the 
procedure  enormously.  The  unsatisfactory  behavior  in  the  voltam- 
eter of  salt  fused  under  these  conditions  has  already  been 
described. 

2.  VACTOR8  THAT  UfLUmCJ  THB  PlCOMPOttTIOIf  OV  StLWWB.  HmULTB  WHEK 

FUSED 

Whether  silver  nitrate  is  decomposed  by  heat  when  fused  seems 
to  depend  less  upon  the  temperature  than  upon  the  amount  of  add 
retained  by  the  melted  salt.  As  soon  as  the  last  trace  of  acid  is 
expelled  the  salt  begins  immediately  to  decompose  into  silver  oxide 
and  colloidal  metallic  silver.    This  is  indicated  by  the  basic  reac- 

I'J.Amer.Cliaii.Soc,  ft,  pp.  814-615.    We  hftve  obulned  the  tmie  results. 


546 


Bulletin  of  the  Bureau  of  Standards 


[VcL9 


lion  of  the  salt  toward  iodeosine  (after  precipitating  the  silver  as 
chloride  with  neutral  potassium  chloride)  and  its  reducing  action 
upon  thousandth  normal  permanganate.  If  a  trace  of  add  is 
retained  by  the  salt,  or  if ,  as  happens  only  rarely,  it  shows  an 
exactly  neutral  reaction,  the  product  does  not  reduce  appreciable 
amounts  of  permanganate  and  shows  no  "  volume  effect "  (p.  514). 

In  all  cases,  salt  which  after  fusion  was  found  to  reduce  appreci- 
able amounts  of  thousandth  normal  permanganate  also  showed 
a  faint  basic  reaction  (except  when  it  contained  organic  material, 
in  which  case  it  always  showed  unmistakable  evidence  of  reduc- 
tion to  metallic  silver,  even  though  the  fusion  were  carried  out  in 
such  a  manner  that  the  fused  salt  retained  quite  appreciable 
amounts  of  uncombined  add).  Fused  salt  which  showed  no 
evidence  of  such  reduction  was  usually  faintly  add  (containing 
from  0.0005  per  cent  to  0.005  P^  c^x^t),  but  occasionally  was 
exactly  neutral,  or,  in  a  few  instances,  faintly  basic.^^  In  the 
latter  case  evidently  a  portion  of  the  salt  had  been  decomposed 
into  silver  oxide  which  had  not  yet  undei^one  further  decompo- 
sition into  metallic  silver  and  oxygen. 

After  the  last  traces  of  nitric  add  have  been  expelled  the  rate 
of  decomposition  depends  chiefly  upon  the  temperature.     If  the 
temperature  is  kept  within  2^  or  3^  of  the  melting  point,  which  is 
approximatdy  208^  C,  the  rate  of  decomposition  is  so  slight 
that,  as  shown  by  Richards  and  Forbes,  the  salt  may  be  kept  in 
a  fused  condition  for  an  hour  or  longer  without  suffering  appred- 
able  loss  in  weight.     However,  our  own  results  show  that  the 
amount  of  metallic  (colloidal)  silver  formed  under  these  condi- 
tions may  amount  to  as  much  as  0.002  per  cent. — At  10^  to  20^ 
above  the  mdting  point  the  rate  of  decomposition  is  probably 
more  than  twice  as  rapid  as  at  its  melting  point  (see  p.  54^)* 
although,  according  to  some  preliminary  tests,  the  lo^4?  ^'^^^t^ 
even  under  these  conditions,  does  not  seem  to  be  s^ppf^^wEblt. 
But  the  amount  of  decompositicm  as  determined  by  the  j^pmnan- 
ganate  and  iodeosine  tests  has  been  determined  under  thT^  and 
several  otl^r  different  sets  of  conditions  (see  p.  548) ,  and  Sis  quite 
appreciable   under  the   conditions   last   mentioned.     It  ns  our 
belief,  therefore,  that  quite  appredable  decomposition  can^take 
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place  without  a  corresponding  loss  in  weight,  due  perhaps  to  the 
retention  by  the  salt  of  some  of  the  gaseous  products  of  decom- 
position. 

Salt  which  has  been  fused  at  230^  C.  and  removed  as  soon  as 
melted,  although  neutral,  still  contains  quite  appreciable  amotmts 
of  moisture,  dissolved  air,  etc.,  as  is  indicated  by  the  fact  that 
further  fusion  at  the  lowest  possible  temperature  causes  a  rela- 
tively large  decrease  in  weight;  sometimes  this  loss  is  as  much  as 
0.02  per  cent,  and  yet  the  decomposition  as  shown  by  the  perman- 
ganate test  is  ml  in  comparison.  This  shows  the  necessity  of 
longer  fusion,  if  the  mass  of  the  pure  salt  is  to  be  determined 
accurately  for  atomic  weight  determinations/  although  it  is  cer- 
tainly objectionable  if  the  salt  is  to  be  used  in  voltameter  work 
of  the  highest  precision.^  After  it  was  found  that  practically 
every  trace  of  add  is  expelled  as  soon  as  the  salt  is  completely 
fused  and  that  no  other  sources  of  error  are  involved,  the  method 
of  expelling  the  excess  add  by  fusion  (instead  of  recrystallization) 
was  employed  almost  exclusively  because  of  its  greater  conven- 
ence  and  economy.  Also  it  is  much  easier  by  this  method  to 
prevent  the  formation  of  basic  salt  (or  oxide)  than  when  the  add 
is  removed  by  recrystallization.  If  the  crystals  are  strongly  add, 
the  time  required  to  completely  melt  the  salt  apparently  has 
very  little  effect  upon  the  amount  of  add  retained;  this  is  no 
doubt  due  partly  to  the  fact  that  the  temperature  does  not  rise 
appreciably  above  the  mdting  point  of  the  salt  tmtil  all  of  the 
solid  has  mdted;  but  the  prindpal  reason  is  doubtless  due  to  the 
gradual  liberation  of  nitric  add  included  in  the  crystals  as  they 
slowly  melt. 

The  following  instances  are  given  in  tabular  form  and  will  serve 
to  illustrate  the  effect  of  the  various  conditions  of  fusing,  both 
upon  the  amount  of  add  retained  and  also  upon  the  permanganate 
reduction  shown  by  the  various  samples.  These  are  but  a  few 
instances  chosen  from  a  very  large  number  of  cases  in  which  not 
all  d  the  conditions  were  made  a  matter  of  record,  but  in  which 
the  same  effects  of  the  various  conditions  have  been  repeatedly 
observed  with  samples  of  salt  which  the  various  tests  (induding 
the  voltune  effect  in  the  voltameter)  showed  to  be  free  from 
reducing  impurities.    So  far  as  our  own  experience  goes  we  have 
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not  yet  succeeded  in  keeping  loo  g  of  salt  or  less  in  a  state  of  fusion 
for  longer  than  15  minutes  at  a  temperature  of  230^  (or  more) 
without  its  becoming  slightly  basic.  At  the  same  time  silver 
nitrate  so  fused  has  always  shown  permanganate  reduction, 
whereas  the  same  sample  fused  in  such  manner  as  to  retain  a 
slight  amount  of  add  will  show  no  such  reduction.  The  limits  of 
temperature  and  time  of  fusion  within  which  the  fusion  may  be 
made  with  reasonable  safety  are  fairly  wide.  This  is  illttstrated 
in  part  at  least  by  the  table  given  below.  But  the  only  safe  pro- 
cedure is  to  test  in  every  case  the  fused  salt,  in  order  to  be  certain 
that  it  is  slightly  add  or  at  least  that  it  is  not  basic,  and  that  it 
does  not  reduce  appreciable  amounts  of  thousandth  normal 
permanganate. 

TABLE  15 


Acidity  Tests  on  Fused  Silver  Nitxate 
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3.  STAHDASD  COHBinOHS  WOR  WUBOXO  SILVER  HmULTB  FOR  USE  Of  THB 

VOLTAMETER 

The  most  important  condition  to  be  observed  in  fusing  silver 
nitrate  for  use  in  the  voltameter  is  the  maintenance  of  slightly 
add  condition  throughout  the  process.  The  retention  of  add  in 
the  mdted  salt  whereby  slight  decomposition  is  avoided  is  accom- 
plished by  shortening  as  much  as  possible  the  time  the  salt  remains 
in  the  fused  condition  and  by  reducing  the  rate  of  evaporation  of 
add  from  the  surface  of  the  fused  salt. 

The  first  of  these  objects  has  been  accomplished  in  the  main  by 
removing  the  salt  from  the  oven  as  soon  as  completely  fused. 
Also  it  has  been  found  practicable  to  fuse  the  salt  at  considerably 
higher  temperatures  than  the  melting  point,  thus  shortening  the 
time  of  fusion.  The  temperatures  ordinarily  employed  have  been 
between  250®  and  300®  C.  There  is  no  danger  due  to  superheating 
at  these  temperatures  when  the  salt  is  removed  as  soon  as  melted. 
The  evaporation  of  add  is  diminished  by  decreasing  the  surface 
relative  to  the  mass  of  salt  as  much  as  practicable  (i.  e.,  deep 
vessels  are  used)  and  by  dispensing  with  the  cturent  of  air  used  by 
Richards  and  Forbes.** 

Our  best  results  have  been  obtained  by  fusing  from  150  to  200 
g  of  the  strongly  add  crystals  in  a  platinum  crudble  of  about 
80  cc  capadty  (4  cm  maximum  diameter  by  4.5  cm  high) ,  keeping 
the  temperature  of  the  oven  between  250®  and  300®  C  and  remov- 
ing the  salt  as  soon  as  melted. 

During  the  fusion,  as  well  as  all  other  processes  in  the  prepara- 
tion of  the  salt,  it  should  be  protected  from  dust,  etc.,  by  means 
of  a  cover  glass.  That  organic  material  is  efficiently  excluded  in 
this  way  is  shown  by  the  fact  that  if  mere  traces  are  added  to  the 
salt  before  fusion  their  presence  is  readily  revealed  by  the  reduc- 
ing properties  of  the  fused  salt  toward  thousandth  normal  per- 
manganate solution.^ 

>  Since  ooly  m  relitivdy  nnftn  volatile  of  air  comet  in  oootact  with  t^ 
daily  since  the  \tmt\  it  coirered  with  m  wa  tch  glaM  dnrinc  thef ngioii ),  the  chance  of  contamination  with 
dntt  la  no  greater  than  that  arising  from  the  neceaaary  expotnre  of  the  water  and  tohitiona  to  the  air  in 
pfcparing  the  electrolyte  and  dwinc  electrolytis.  The  piindtial  object  of  tlie  air  current  in  the  wocfc 
of  Rkfaardfland  Forbea  aaema  to  liave  been  to  aid  in  the  complete  enwilrion  of  water  and  of  nitric  add. 
Since  tlie  add  iacxpdied  withoat  this  precantlon  and  dnce  water  it  not  objectionable  in  the  pretcnt 
Inatance,  there  it  no  neccMlty  of  employing  a  current  of  air  in  the  prcicnt  caae. 

•  It  afaonld  be  stated  at  thk  point  that  the  first  tamplet  of /wmJ  talt  which  coufamed  to  the  pennaa. 
fnatc  and  lodeosiiif  tcttt  were  prepared  by  Mr.  P.  B.  Smith,  of  the  National  Fhydoal  htbombory,  in 
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The  fusion  may  be  made  in  platinum  or  transparent  fused  quartz 
vessels.  Platinum  vessels  are  very  convenient  for  this  purpose 
and  are  not  attacked  by  the  fused  silver  nitrate,  {nxmded  tl^  above 
conditions  of  temperature  of  fusion  and  acidity  of  the  salt  are 
observed.  Otherwise  the  silver  nitrate  may  be  partially  deccmi- 
posed  (reduced),  and  the  platinum  becomes  stained  with  silver. 
If  by  accident  this  happens  the  stains  can  be  removed  with  fused 
sodium  bisulphate  or  by  fusing  a  second  portion  ci  silver  nitrate 
in  the  same  dish,  taking  care  to  observe  the  proper  precautions  in 
fusing.  The  attack  of  fused  alkaline  nitrates  upon  platinum  is 
usually  attributed  to  the  active  oxygen  given  off  by  the  nitrate, 
but  the  KMn04  test  shows  that  under  the  conditions  which  we 
have  described  this  does  not  occur.  Salt  fused  in  either  platinum 
or  quartz  vessels  leads  to  the  same  result. 

S9IO.  Dcpcwiu  nuMle  from  rcpcmt«dly  crysUUiMd.  ^iatly  meld  ayitals  agreed  wdl  with  the  dcporitt 
from  Uilt  fated  ■>lt,«ad.MtUted  before,  we  conridefUiltati  ctmciit  very  faapoct^ 
degree  of  parity  of  the  fused  nit.  At  this  time  the  ooaditiotu  which  bring  about  a  dcoompoeitioa  of  the 
•ah  had  not  been  folly  worked  oat,  and  the  cwMHtiont  under  whidi  the  fasioa  ooold  be  made  without 
daoger  of  decoau>otitioo  had  not  been  drtinhriy  Bpedftod.  Also  the  abofve  teita  for  reducing  hmwiiitim 
and  for  neutrality  had  not  preYioualy  been  appBed  to  any  fused  salt  exc^yt  to  the  prcparatioos  made  in 
the  rtrf  early  part  of  our  own  work,  to  wliich  reference  has  already  been  made,  and  in  these  cases  the 
results  SI  I  mid  to  show  that  the  procsM  of  fusion  was  a  rather  hazardous  procedure. 

Smith  prepared  the  fused  salt  referred  to  by  fusing  large  quantities  (between  500  and  1000  g)  of  the 
fltroogly  add  aystab  in  a  covered  electric  furnace  until  about  half  of  the  salt  was  meltad  and  then  tuned 
off  the  heating  current;  the  temperature  of  the  oren  was  not  taken. 

Applioation  of  the  permanganate  and  iodeosine  tests  to  salt  fused  under  Tarying  conditions  later  made 
it  possibk  to  defhte  the  conditions  which  give  beat  results,  and  when  these  are  obsei  red  the  salt  practkally 
always  conforms  to  the  criteria  mentioaed.  Occasioaally  a  fused  sample  has  been  obtained  which  did  not 
prove  satisfactory  and  yet  which  we  lupposert  had  been  prepared  wwder  proper  oonditions.  Thiscmphap 
siscs  the  importance  of  aiwoft  applying  the  chemical  tests  before  using  the  salt  in  the  voltameter,  and 
indicates  further  that  some  of  the  conditions,  probably  the  rate  of  evaporation  of  the  excess  nitric  acid, 
are  somewhat  difficult  to  controL  la  this  connactioa  it  might  be  mentioned  that  some  of  the  samples  of 
fused  salt  referred  to  above  which  were  prepared  by  Mr.  P.  B.Smith  were  found  to  be  faintly  basic  (before 
use  in  the  voltameter),  and  one  in  particular,  which  gave  a  U^ier  value  in  the  voltameter  than  usosl.  was 
fl  in  x^  basic  Our  later  experience  makes  it  seem  very  probable  indeed  that  this  basic  reaction  was  due 
to  a  very  slight  decomposition  of  the  salt  during  the  fusion  (as  we  suggested  at  the  time)  rather  than  to  the 
action  of  the  oolutioii  upon  the  glass,  as  suggested  by  Smith.  The  change  In  neutrality  of  dilute  s&vcr 
nitrate  solutioa,  due  to  glass  cleaned  with  ordinary  care,  is  very  seldom  greater  than  x  part  per  million 
after  standing  for  a  month  or  longer.  Constant  agitation  of  course  greatly  increases  the  effect,  and  this, 
together  with  the  fact  that  very  soft  glass  was  used,  probably  accounts  for  the  instance  cited  by  South 
in  the  International  Report  where  an  electrolyte  originally  x.8  add  became  about  0.3  basic  after  con- 
stant  agxtation  in  a  flask.  Ordinarily  with  resistant  thorou^y  dransrd  Jena  glass,  such  aa  was  used 
to  store  the  electrolyte  referred  to  above,  the  effect  of  the  glass  has  been  foond  to  amount  to  km  than  a 
part  per  milBon.  even  on  standing  lor  several  weeks.  On  the  other  hand,  the  ibrmatios  of  ham  by 
ijurifiisinn  has  been  noted  even  after  the  important  factors  that  produce  decompositioa  had  been  deter- 
mined and  when  these  were  specialty  guarded  against  Moreover,  in  some  such  casm  the  rtwnnmesitinn 
seemed  not  to  have  progi  cased  far  enough  to  produce  an  object  ionaMe  amount  of  redndng  fanpoiitia 
(colloidal  silver),  as  indicatsd  by  the  permangsnate  test,  but  apparently  had  stopped  at  the  formation  of 
a  slight  amount  of  silver  oxide,  which,  however,  would  increase  the  weight  of  the  dcfMMit. 
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nL  SUMMARY 

1.  Usmg  the  small  porous  cup  voltameter  the  value  i. 01 8275 
volts  has  been  found  for  the  Weston  Normal  Cell  at  20®  C. 

2.  The  difference  between  the  values  obtamed  with  the  large 
porous  cup  voltameter  and  the  smaller  sizes  is  due  to  impurities 
present  in  the  electrol)rte,  which  may  be  partially  removed  by 
electrolysis.  This  phenomenon  has  been  called  the  "volmne 
effect." 

3.  The  temperature  coefficient  of  the  voltameter  appears  to  be 
zero  if  the  electrol)rte  is  pure. 

4.  Deposits  on  gold  and  platinum  cathodes  are  in  agreement. 

5.  For  testing  the  purity  of  silver  nitrate  special  methods  have 
been  devised.  Estimations  of  the  acidity  may  be  made  to  i  part 
in  I  000  000,  using  ipdiosine  as  an  indicator  in  the  manner 
described.    For  testing  the  solutions  for  reducing  agents  and 

N 
colloidal  silver potassium  permanganate  has  been  success- 
fully used. 

6.  Methods  of  preparing  silver  nitrate  of  a  satisfactory  purity 
have  been  fotmd.  These  differ  considerably  from  previous 
methods  owing  to  the  conditions  demanded  by  the  voltameter 
work. 

7.  The  fusion  of  silver  nitrate  has  been  discussed  at  length  with 
particular  reference  to  the  decomposition  of  the  salt  after  all  of 
the  add  has  been  expelled. 

Washington,  January  i,  1913. 
89420® — 13- 


NOTE  ON  COLD-JUNCTION  CORRECTIONS  FOR 

THERMOCOUPLES 


By  Paul  D.  Foote 


Ordinarily,  in  the  laboratory  use  of  thermocouples,  the  cold 
junction  is  kept  at  a  standard  reference  temperature  such  as  the 
melting  point  of  ice,  while  the  hot  junction  is  placed  within  the 
furnace  or  substance  the  temperature  of  which  is  desired.  How- 
ever, for  technical  purposes  and  general  commercial  use,  it  is  not 
always  convenient  to  have  an  ice  box  at  hand.  For  this  reason 
it  is  desirable  to  work  with  the  cold  junction  at  the  temperature 
of  the  room.  This  necessitates  a  knowledge  of  the  corrections  to 
apply  to  the  indicator  readings,  provided  that  the  standardization 
of  the  pyrometer  were  carried  out  with  the  cold  junction  at  some 
temperature  other  than  that  used  in  the  technical  worics.  The 
importance  of  these  corrections  is  realized  when  one  considers  the 
large  range  of  the  cold-junction  temperature  which  in  practice 
frequently  varies  from  lo  to  loo^  C. 

In  order  to  obtain  the  temperature  corresponding  to  any  value 
of  the  emf  observed  when  the  cold  junction  is  at  a  temperature 
</  C  from  the  relation  e  »/  (0  computed  on  the  basis  that  the  cold 
junction  is  at  o^C,  it  is  only  necessary  to  add  to  the  observed  emf 
the  value  of  the  emf  developed  when  the  cold  junction  is  at  o^  C 
and  the  hot  junction  is  ^*^  C,  a  number  which  is  independent  of  the 
tenq)erature  of  the  furnace.  However,  many  pyrometer  gal- 
vanometers are  calibrated  to  read  temperature  directly  and  have 
no  scale  <rf  emf  recorded.  One  must  then  express  the  correction 
in  terms  of  d^;rees,  and  this  quantity  for  any  given  value  of  the 
cold  junction  will  depend,  of  course,  upon  the  temperature  of  the 
hot  junction  for  the  reason  that  in  general  the  relation  between 
temperature  and  emf  is  not  linear.  A  table,  accordingly,  might 
be  prepared  stating  the  corrections  to  be  applied  to  the  tempera- 
ture observations  for  all  values  of  the  hot-junction  temperature 
and  all  variations  in  the  temperature  of  the  cold  junction. 
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The  tisual  method  of  obtaining  the  cold-junction  correction 
consists  in  multiplying  the  value  of  the  cold-junction  temperature 
by  certain  empiriod  factors.  R.  Vogel  *  computed  these  fact(»-s 
for  a  Heraeus  (P/,  goPt-toRh)  couple  having  a  cold  junction  of 
50^ C.  Offerhaus  and  Fischer'  have  calculated  the  factors  for 
several  types  of  couples. 

This  method  of  correction  for  cold-junction  temperatures  may 
be  derived  in  the  following  manner: 

derivation  of  the  Slope  Correction. — Let  e  and  t  be  the  observed 
emif  and  corresponding  temperature  when  the  cold  jtmction  =»  o^  C. 

ei.^d  <i-the  observed  emf  and  temperature  when  the  cold 
junction = ij"  C. 
For  any  thermocouple  ^'=f{t)  (i) 

then  f<tt' any  value  ^i  e^^fit^)  (2) 

But  e-^e^+Co  where  e© = /(/o)  =  emf  developed 

.  .       •  •  • 

\irTieii  the  hot  junction  =  U^  and  the  cold  junction  =  o®C. 
S»l?stituting  in  (i)  ^i+e*-/(0  (3) 

Prom  (3)  /-9  («i+^o) 

Ftom  (2)  ^1  -  9  (ej 

Denote  by  p  the  correction  to  add  to  the  observed  temperattue 

When  this  value  is  read  from  the  plot  of  a  couple  calibrated  with 

its  cold  jimction  -  o®  C. 

^•* 


— €^'(ei)  provided  e«  and  /•  are  small  in  compaiison 
with  «|  and  ^1 


de,    dt,  \dtJo 

dt,    de,     ''(de\    ' 


approximately. 


■  R.  Vogd:  Zi.  f.  Anvf  CtwBi.,  |iL  4s;  1905- 

'CoradisOffcfliMttaiidE.  H.  PisdMr:  Btectrochcni.  and  IftUl.  lad.,  Sept.,  p.  j<rr}&4:  i«oC. 
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This  equation  therefore  states  that  in  order  to  obtain  the  tfue 
temperature  (t),  it  is  necessary  to  add  to  the  observed  tempera- 
ture (ti),  the  quantity  obtained  by  multipl)^!^  the  temperature 
of  the  cold  junction  (/©)  by  the  ratio  of  the  slopes  of  the  calibra- 
tion curve  at  the  origin  and  at  the  temperature  {Q .    The  deriva- 

;77  J  is  but   approximately  equal  to  the  quantity  —7^  and 

becomes  less  so,  the  farther  to  departs  from  zero.    As  seen  ftom 

Pig-  ^f  17~\  ^  more  exactly  the  mean  slope  of  the  cs^faration  curve 

from  o  to  to®  C.  Using  this  value  the  single  term  slope  correction 
becomes: 

The  mean  slope  from  o  to  to  may  be  determined  accurately  enough 
by  asstuning  some  value  of  to  in  the  neighborhood  of  the  actual 
value  of  the  cold-junction  temperature  sucih  as  30®  C,  and  com- 
puting the  mean  slope  from  o®  to  this  point,  i.  e.;  the  value  of  the 
emf  observed  when  the  cold  jtmction  is  at  o®  and  the  hot  jtmction 
30®  divided  by  30.  This  form  of  the  cold- junction;  correction 
requires  but  a  single  measurement  of  the  emf  at  room  tempera- 
ture, whereas  the  usual  form  of  correction  practically  necessitates 
a  knowledge  of  the  curve  at  several  points  in  order  to  evaluate  the 
slope  at  o®  C.  The  three  forms  of  the  cold- junction  temperattne 
corrwtion  may  be  summarized  thus : 

•  •  •  • 

Fonn  I        p  -  e,<p'{e,)  +  ^9>"(eJ  + ^9'»(«i)  +  •  • 


Form  II 


(i), 


Form  III    P-  ,.  >. 
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Poem  I  is  the  correct  expressioa  of  the  ccdd-junction  correctioo. 

Form  II  is  the  approximation  in  general  use. 

Ponn  III  is  the  approximation  which  slrauld  be  given  preference 
over  Form  II. 

MagmUtuU  of  Ikt  Cold-Jmmetion  ComeHon. — ^Pig.  a  iUustiates 
the  magnitude  <rf  the  true  cotd-junction  corrections  for  P,  a  (Pt, 
qoPt—ioRh)  Heraeus  couple  having  for  its  temperatore — emf 
relation  the  equations: 

<Xio*- 56.04  (  +  0.05434**  o  to  100*  C  and 

«Xio*— —  2820+8o.7il+o.oi694i'  300  to  1500*  C 


where  e  is  expressed  in  millivolts.  These  curves  represent  the 
tnu  correction,  Form  I,  for  four  observed  hot-junction  tempera- 
tures, and  with  the  cold-junction  temperature  varying  from  o  to 
loo**  C.  It  is  seen  that  the  amount  to  be  added  to  the  observed 
temperature  may  reach  a  value  as  high  as  60**  or  65**  C. 

Errors  in  the  Slope  Corrections. — How  closely  Forms  II  and  m 
express  the  true  correction  for  the  cold-juncti(m  temperature 
depends  upon  the  form  of  the  function  e  -/  (0.  Inasmuch  as  the 
series  in  Form  I  is  frequently  only  slowly  convergent  a  more 
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convetiient  method  than  evaluating  each  term  was  used  for 
determinmg  the  errors  in  the  approximation  corrections. 

Several  of  the  Bureau  of  Standards'  thermocouples  were  caU- 
brated  (cold  junction  <=o^  C)  from  o  to  1500^  C.  Assuming  the 
temperature  of  the  hot  junction  so  r^^ulated  that  any  definite 
value  of  the  observed  emf  developed  by  the  couple  remains  con- 
stant whatever  the  temperature  of  the  cold  junction,  the  emfs 
for  a  cold  junction  o^  C  were  obtained  by  adding  to  the  observed 
value,  the  emf  readings  between  o  and  100^  C.    The  temperatures 


TEMKSATURE  OF  COLO  JUNCTION  *C 

Fig.  2. — Tru0  comcUan  y.  coU'fimctkm  Umpmratun 

corresponding  to  these  new  emf  s  were  computed  and  from  them 
was  subtracted  the  temperature  corresponding  to  the  observed 
emf.  The  differences  are  the  true  corrections  to  be  applied  to  the 
observed  temperature  for  a  series  of  cold-junction  temperatures. 
This  operation  was  repeated  for  several  different  observed  values 
of  the  emf.  The  slope  corrections  were  then  computed  for  the 
same  points. 

^m-  3  presents  the  errors  met  with  in  the  application  of  the 
slope  corrections,  Forms  II  and  III,  to  P,  (P<,  90P/  —  loRh) .    The 


558 


BuUeHn  of  ike  Bwrecm  of  Standards 


{VU.9 


npper  group  of  curves  shows  the  amount  to  be  added  to  the  sk>pe 
correction,  Form  II,  to  obtain  the  true  correction.  The  largest 
error  is  5^,  with  the  hot  junction  at  an  observed  temperature  of 
400^  and  the  cold  junction  100^  C  The  lower  group  of  curves 
represents  the  corrections  to  apply  when  the  slope  correction  is 
computed  on  the  basis  ci  the  mean  slope  from  o  to  30^  instead 
of  o^  C.  Form  III.  The  errors  are  all  somewhat  smaller  in  this 
ease,  the  maximum  being  3^,  and  hence,  in  general,  the  correction 
according  to  Form  III  is  to  be  preferred. 


TEMPERATURE  OF  COLO  JUNCTION  ?C 

Fig.  3. — Error  in  slope  comction 

Similar  curves  were  obtained  for  P4,  a  Johnson  and  Matthey 
(Pt.^Pt-ioRh)  couple  having  the  equations : 
e  X I  o*  -  63 .86<  4-  0.07343/'  o  to  1 00®  C 

e  X  ID*  -  -4934 + 99.06/ + o.oi  594/'  300  to  1 ,500®  C 

Fig.  4  illustrates  the  errors  foimd  in  the  use  of  the  slope  correc- 
tions with  Wj.    This  couple  which  was  obtained  from  Pellin,  and 
supposed  to  have  the  composition  (P/,9oP/-io/r),  had  a  tempera- 
tmre-emf  relation  expressed  by  the  equations : 
ex  ID* « 84.76/ +0.1603/*  oto  100®  C 

e  X 10*  —6260  4- 130.2/4-0.03381/*  300  to  1 ,500®  C 
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The  maximum  error  fomid  for  Form  II  is  about  9^  with  the  hot 
junction  at  an  apparent  temperature  of  400^  and  the  cold  jtmction 
100®  C.  The  lower  group  of  curves  is  computed  on  the  basis  of 
the  preferred  form  of  the  slope  correction,  Form  III.  The  maxi- 
mtun  error  in  this  case  is  6^. 

For  a  copper-constantan  couple  of  Adams  and  Johnston*  having 
the  equation: 

e  (microvolts)  =38.105/4-0.04442^'  -o.oooo2856t'  applicable  over 
a  range  o  to  350°  C,  the  ordinary  slope  correction,  Form  II,  is  in 
error  fromo.i^to  0.5®  when  the  cold  junction  varies  from  o  to  20®. 
With  a  cold  junction  of  20  to  50^  this  slope  correction  is  too  small 
by  amounts  running  from  0.5  to  2^.  Form  III  applied  to  this 
couple  shows  corrections  somewhat  nearer  those  given  by  the  true 
correction  term.  Form  I . 

Applicability  of  Slope  Corrections. — If  the  couples  examined  are 
typical  of  all  {Pt,9oPt-i6Rh),  (Pt.goPt-ioIr),  and  copper-con- 
stantan couples,  one  may  conclude  that  for  values  of  the  cold 
junction  from  o  to  50®  C  in  the  case  of  the  platinum-platinum 
alloy  couples,  and  from  o  to  20®  C  in  the  case  of  the  copper-con- 
stantan. couple  the  slope  correction.  Form  III,  is  fully  s^pUcable, 
and  is  not  in  error  by  amotmts  greater  'than  the  precision  attain- 
able with  the  ordinary  pjrrometric  galvanometer.  For  all  tech- 
nical work,  it  is  sufficient  to  add  to  the  galvanometer  temperature 
reading  the  number  obtained  by  multiplying  the  ratio  of  the  mean 
slope  from  o  to  to  and  the  slope  at  the  observed  temperature  (O 
by  the  temperatiu-e  (O  of  the  cold  j  unction. 

The  ratio  of  the  slopes  are  given  in  the  form  of  numerical  factors 
for  thermocouples  tested  at  the  Bureau  of  Standards>  and  to  all 
technical  purposes  are  alike  for  similar  couples.  Their  determi- 
nation requires  only  a  rough  temperature-emf  calibration  made 
independently  of  the  pyrometer  indicator.  Instead  of  a  table  of 
figures,  the  observer  need  remember  but  two  or  three  numbers 
appUcable  over  all  ranges  of  the  cold-junction  temperature.  Thus 
in  the  use  of  P,  with  any  t3rpe  of  galvanometer  indicator,  it  is 
sufficient  in  ordinary  pjrrometric  work  to  correct  for  the  cold- 
junction  temperature,  t^^  C,  by  adding  to  the  observed  temperature, 

*L.  H.  Adams  and  J.  Johnston;  Am.  J.  Sd..  SS,  p.  534,  June,  X9ia. 
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ti^  C,  the  amount  0.6  ^  from  400  to  700^  C  and  0.5  ^  from  700  to 
1400^  C,  where  ^t  ^  l^ss  than  50.  If  dooer  accuracy  is  defied,  a 
number  of  slope  values  computed  to  another  significant  figure,  as 
given  in  Table  i ,  second  column,  or  preferably  the  third  ccriumn, 
must  be  used,  and  the  onresponding  corrections  shown  in  Pig.  3 
applied.  For  the  highest  attainable  accuracy  a  potentiometer  is 
required,  and  the  emf  correspmiding  to  the  temperature  oi  the 
cokl  junction  is  added  to  the  emf  reading  of  the  coiqde. 

TABLE  1 
Tempertture  Ceotignule  vs.  Cotd-JimctioQ  Factor 
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Slope  Correction  when  the  Coufde  is  Calibrated  with  the  Cold 
Junction  at  a  Temperature  other  titan  o^  C. — Many  thermocouple 
pyrometers  are  so  constructed  that  it  is  impracticable  to  calibrate 
them  with  a  cold  jtmction  at  o^  C.  Suppose  the  standardization 
were  carried  out  with  a  cold  junction  of  i<i — 30®  C  and  it  is  desired 
to  use  the  couple  near  a  furnace  where  the  room  temperature  is 
3^  »40^  C.  Proceeding  by  a  method  similar  to  that  shown  in  the 
derivation  of  the  ordinary  slope  correction,  we  now  obtain  the 
correction  term: 


2n>     1^ 


9'(«.)  (A-.O 
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where  <p'{e^  is  the  slope  at  the  pomt  corresponding  to  the  observed 
emf ,  and  e^ »  the  emf  developed  when  the  cold  jtmction  is  at  the 
temperature  {t^  and  the  hot  junction  ,^0,  or — 


r-(de\    "(A -30) 

where  J^^  is  not  far  from  40,  ^  being  the  observed  temperature  corre- 
sponding to  e,.  This  equation,  therefore,  states  that  in  order  to 
obtain  the  true  temperature,  i,  it  is  necessary  to  add  to  the  observed 
temperattoe,  ^,  the  quantity  obtained  by  multiplying  the  difference 
in  the  temperature  of  the  cold  junction  used  in  the  standardization, 
i(, ->  30,  and  during  any  observation,  ^  "  40,  by  the  ratio  of  the  mean 
slope  of  the  calitottion  curve  from  30  to  40^  and  the  slope  at  the 
observed  temperature.  The  mean  slope  from  30  to  40^  is  obtained 
by  dividing  the  emf  observed  when  the  cold  junction  is  30^  and  the 
hot  jtmction  is  40^  by  10.  The  factors  for  P,  used  in  this  manner 
are  given  in  Table  i,  odumn  4. 

Reduction  to  Fakrenheit  Scale. — All  the  temperatures  referred  to 
above  are  given  in  d^;rees  centigrade.  The  conversion  to  the 
Fahrenheit  scale  occasions  no  difficulty.  When  the  couple  is 
originally  calibrated  with  the  cold  junction  at  the  temperature  of 
melting  ice,  32^  P,  and  used  with  the  cold  junction  at  the  tem* 
perature  t^^  F,  the  actual  temperature,  t,  of  the  hot  jtmction  is 
obtained  by  adding  to  the  observed  temperature,  ti,  the  value  of 
the  product  {t^-32)K,  instead  of  t'K,  where  K  is  the  correction 
factor  at  the  particular  observed  hot-junction  temperature.  If 
the  couple  is  calibrated  with  the  cold-junction  temperature  of 
it^o  P  and  used  with  the  cold  junction  at  a  temperature  ,t%  P., 
the  correction  term  to  be  added  to  the  observed  temperature  i^  has 
the  same  form  as  before — 

where  K'  is  the  factor  computed  from  the  mean  slope  between  ^t, 
and  3^0  ^^^  the  slope  at  the  observed  temperature.  The  values  of 
the  ordinates  for  the  curves  in  Pigs.  2, 3,  and  4  should  be  increased 


562 


Bmlletin  of  the  Bwreau  of  Standards 


iv«i.* 


by  the  factor  9/5,  while  the  abscissas  are  directly  converted  to  the 
Fahrenheit  scale.  As  an  exanq>le,  in  the  case  of  Pig.  4  the  ordi- 
nates  will  lie  between  the  o  and  18,  the  abscissas  between  32  and 
212^  P  and  the  observed  temperatures  di  the  hot  junction  become 
752,  1472,  2012,  and  2552^  P.  In  Table  2  are  given  the  correction 
factors  for  P,  (^»  9oPt  -  loRh)  for  a  series  of  observed  tempera- 


30  40  50  60  70 

TKMPERATURC  OF  OOLD  iUNOTION  ^C 

FIf .  4.— £i7t>r  in  sicpt  comtcHm 

tines  ^F.  These  follow  directly  from  Table  i .  The  second  column 
shows  the  factors  computed  on  the  basis  of  the  old-slope  correc- 
tion, Form  II.  The  third  column  contains  the  factors  computed 
from  the  preferred  slope  correction,  Form  III.  In  the  fotuth  col- 
umn are  given  the  correction  factors  when  the  couple  is  caUbrated 
with  a  cold-jtmction  temperature  of  86^  F  and  used  with  the  cold 
jtmction  not  far  from  104^  F. 
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Temperature  Fahrenheit  v.  G)ld-Junction  Factor 

Pk(PI»90PI-10Rh) 
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Conversion  of  the  Thermoelectric  Scale  to  the  Standard  Tempera- 
ture Scale. — ^When  the  ordinary  parabolic  equation  e«a+6/+d* 
is  applied  to  a  (Pt,  90  Pt— 10  Rh)  or  (P/,  90  Pt— 10  Ir)  thermo- 
couple standardized  at  three  temperatures,  the  melts  of  zinc, 
antimony,  and  copper,  the  ciirve  extrapolated  to  1500^  C  differs 
somewhat  from  the  temperature  shown  by  the  gas  thermcnneter. 
This  is  treated  in  full  in  The  Measurement  of  High  Temperatures, 
pages  1 1 2-1 16  loc.  cit.,  but  may  be  briefly  summarized  in  the 
following  table,  which  holds  approximately  for  the  usual  type 
of  platinum,  platinum-indium  and  platiniun-rhodium  couples. 

TABLE  3 

Correction  to  Thennocoisple  Scale 
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The  above  dtscusskm  of  couples  P,,  P4,  and  Wfisoa  the  basis 
of  the  thermoelectric  scale.  Hence,  temperatures  higher  than 
1200^  C  or  2200^  P  should  be  further  corrected  in  aooordance 
with  Table  3.  The  order  of  apfrfying  the  cold-junctkm  cortec* 
tion  and  the  above  correction  is  of  little  importance,  since  both 
are  smalL  Couples  calibrated  by  the  Bureau  of  Standards  are 
corrected  as  shown  in  Table  3»  so  that  the  temperatures  indicated 
by  them  accord  with  the  established  gas  thermometer  scale. 

Devices  for  ike  EUmimaiion  of  ike  Cotd-Jmnctiem  ConettUms. — 
Various  methods  have  been  proposed  for  the  elimination  of  the 
cold-junction  corrections.  If  a  coil  of  copper  wire  were  shunted 
across  the  terminate  of  the  thermocouirie  in  the  head  of  the  insbtH 
menty  an  increase  in  the  temperature  of  the  cold  junction,  ordi- 
narily producing  a  decrease  in  the  observed  emf  would  increase 
the  resistance  of  the  shunt  and  thus  tend  to  compensate  for  the 
thermoelectric  effect.  However,  for  exact  compensation  at  all 
temperature  ranges,  a  coil  of  wire  would  be  required  of  which  the 
resistance  is  a  function  not  only  of  its  own  temperature,  but  also 
of  the  hot-junction  temperature.  This,  of  course,  b  impossible 
to  realize  in  practice,  but  the  method  might  be  applied  as  a 
partial  correction. 

Bristol  ^  base  metal  couples  are  provided  with  extension  wires 
which  permit  the  location  of  the  cold  junction  in  a  constant 
temperature  room  some  distance  from  the  furnace.  Bristol  has 
also  devised  an  automatic  conqpensator  consisting  of  a  bulb  of 
mercury  into  which  a  loop  of  platinum  wire  dips.  This  is  inserted 
in  the  circuit  near  the  head  of  the  couple  so  that  the  variations 
in  the  cold-junction  temperature  cause  the  mercury  to  expand 
or  contract  and  short-circuit  different  lengths  of  the  wire  lo<9, 
thus  altering  the  resistance  with  a  result  somewhat  similar  to 
that  obtained  by  the  use  of  a  shunt  coil. 

Hartmann  and  Braun  have  the  cold-junction  head  jacketed 
in  order  that  a  stream  of  water  may  be  used  to  keep  the  head  at  a 
uniform  temperattue. 

The  Crompton  Co.  use  a  multiple  scale  on  their  galvmiometers 
so  constructed  that  the  pointer  reads  directly  the  temperattue  of 

*  The  foOowiiif  and  other  method«  of  oold-jonctkn  fompfiwetion  are  diiriif  d  in  The  Hi 
of  High  Tcmpcntnrcs,  BargcM  and  I«e  Chatcfier,  p.  156,  jd  ed.,  t9u,  WUcy,  New  York. 
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the  furnace,  each  scale  corresponding  to  some  definite  value  of  the 
cold-junction  temperature. 

Several  instrument  makers  have  tried  interposing  a  supple- 
mentary thermocouple  circuit  of  inexpensive  material,  the  hot 
junction  being  located  at  the  cold  end  of  the  main  thermocouple 
and  the  cold  jtmction  at  the  galvanometer,  some  distance  away. 

Possibly  the  most  simple  conyensating  device  is  that  employed 
by  Siemens  and  Halske,  and  one  or  two  other  firms.  Here  the 
galvanometer  indicator  has  a  latge  zero  adjustment  so  constructed 
that  the  pointer  may  be  set,  on  open  circuit,  at  the  temperature 
corresponding  to  that  of  the  cold  junction,  the  graduations  having 
been  previously  empirically  determined  for  the  given  thermocouple. 

All  of  these  methods  possess  certain  advantages  but  many  of 
them  are  open  to  the  objection  that  they  are  cumbersome  and 
frequently  liable  to  introduce  new  errors.  Attention  might  well 
be  given  to  the  more  careful  construction  of  the  indicating  instru- 
ments. Many  galvanometers  have  a  temperature  coeflSdent  so 
large  that  small  variations  in  the  room  temperature  affect  the 
readings  to  a  marked  d^^ree.  This  may  give  rise  to  errors  as  large 
as  those  commonly  found  for  the  cold-junction  temperature. 

It  is  moreover  needless  to  mention  that  the  ordinary  indicator 
should  not  be  used  in  close  proximity  to  other  magnetic  instru- 
ments or  to  iron  tmless  originally  calibrated  in  that  position. 
A  simple  trial  will  readily  convince  one  that  this  precaution  is 


When  due  care  is  exercised  to  locate  the  galvanometer  in  such  a 
position  that  its  magnetic  field  is  not  disturbed  by  outside  influ- 
ences and  where  its  temperature  is  reasonably  constant,  to 
occasionally  recheck  the  thermocouple  calibration,  and  to  properly 
correct  for  the  cold-jtmction  temperattuies,  the  simple  thermocouple 
without  any  compensating  devices  whatever  will  prove  very 
satisfactory. 

Acknowledgement  is  due  Mr.  I.  N.  Kellberg  for  computing 
and  drawing  the  curves  shown,  and  to  Dr.  G.  K.  Burgess  for  a 
number  of  suggestions. 
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L  INTRODUCTION. 

The  value  of  curves,  showing  the  wave  form  of  the  electromo- 
tive force  and  the  current  in  a  circuit,  has  l<mg  been  recognized, 
not  only  in  the  study  of  altemating-current  phenomena,  but  also 
in  precise  electrical  measurements,  and  in  the  design  of  altematrng- 
ctUTent  machinery,  and  various  instruments  have  been  designed 
for  drawing  such  curves.  These  may  naturally  be  divided  into 
two  classes — curve  tracers  and  oscillographs.  Of  these,  the  first 
t)rpe  is  capable  of  giving  the  more  precise  results.  The  use  of  a 
curve  tracer,  however,  presupposes  steady  conditions,  so  that  the 
successive  cycles  of  the  wave  are  sensibly  exact  repetitions  of 
those  which  have  preceded.  For  transient  phenomena  the  oscillo- 
graph is  more  suitable,  and  has  in  recent  years  become  a  powerful 
instrument  of  research.  For  a  comprehensive  and  up-to-date 
treatment  of  the  history  and  development  of  curve-drawing 
instruments,  the  reader  is  referred  to  the  valuable  treatise,  '' Auf- 
nahme  imd  Analyse  von  Wechselstromkurven,"  by  E.  Orlich,  F. 
Vieweg  imd  Sohn,  Braunschweig,  1909. 

Having  obtained  the  desired  curves,  a  simple  inspection  is  in 
some  cases  perhaps  sufficient  to  throw  light  on  the  problem  under 


Grvwer]  Anolysts  of  Altemating-CurretU  Waves  569 

consideration.  More  often,  however,  and  especially  where  quan- 
titative results  are  desired,  it  is  necessary  to  make  an  analysis  of 
the  curve  in  order  to  realize  its  full  value.  To  make  such  anal- 
yses,  various  ingenious  and  elaborate  machines,  the  so-called 
''harmonic  analyzers,"  have  been  devised,  which  automatically 
carry  out  the  resolution  of  a  given  irregular  curve  into  a  number 
of  component  sine  waves,  the  number  depending  on  the  number 
of  elements  included  in  the  machine.  Where  a  great  many  curves 
have  to  be  analyzed,  such  instruments  can  hardly  be  dispensed  with. 
Usually,  however,  the  number  of  curves  which  have  to  be  analyzed 
will  hardly  warrant  the  expense  of  such  a  machine,  and  one  has 
recourse  to  calculation  for  obtaining  the  component  waves. 

The  logical  procedure  in  this  case  would  seem  to  be  to  make 
use  of  the  method  of  Fourier,  who  in  his  classic  work  <m  the  theory 
of  heat  gave  the  complete  solution  of  the  problem  of  the  resolution 
of  a  given  ftmction  into  a  series  of  component  sine  terms.  The 
direct  use  of  the  Fourier  equations  involves,  however,  the  necessity 
of  the  formation  of  so  many  products,  that  the  calculation  is  very 
laborious,  and  it  is  to  this  fact  that  the  neglect  of  the  Fourier 
method  for  numerical  calculations  is  to  be  attributed.  To  avoid 
the  difficulty,  recourse  has  been  had  in  a  great  many  cases  to 
graphical  or  approximate  mathematical  solutions,  or  the  curve 
has  been  put  aside  without  any  analysis  at  all. 

Realizing  the  greater  accuracy  of  the  Fourier  method,  attempts 
have  been  made  from  time  to  time  to  reduce  the  amount  of  labor 
involved  in  the  use  of  Fourier's  equations.  Thus  Perry*  and 
Kintner '  sought  to  simplify  the  calculation  by  the  preparation 
of  printed  blank  forms,  in  which  were  indicated  the  products  to 
be  taken  in  their  proper  places  for  making  the  stunmations. 

A  further  step  was  taken  by  Rosa,  who  in  1897  worked  out  the 
details  of  a  scheme  of  calculation,  in  which  from  15  measured 
ordinates,  equally  spaced  throughout  a  half  wave,  all  odd  harmonics 
up  to  and  including  the  fifteenth  can  be  obtained.  From  aconsider- 
ati<m  of  the  relations  between  the  sines  and  cosines  of  supplement- 
ary and  complementary  angles  it  is  easy  to  show  that,  for  this  case, 

>  I«<iod.  Blect.  Feb.  s.  1893.  and  June  38, 1895. 
*  Blect  World.  4S,  p.  1033*  1904- 
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the  only  functions  involved  are  the  sines  of  6^,  i2^»  i8^, 

90^.  To  facilitate  the  multiplicati<m  of  the  ordinates  by  these 
sines,  Rosa  prepared  a  multiplicaticm  table  with  14  cotunms,  in 
which  were  tabulated  the  calculated  products  of  the  «nes  (rf  the  14 
angles,  other  than  90^,  by  values  of  ordinates  up  to  50  by  steps 
of  0.1.  The  calculation  of  the  harmonics  was  arranged  according 
to  a  definite  form,  each  product  being  indicated  by  the  number  of 
that  column,  in  the  table,  which  must  be  entered  with  the  values  of 
ordinate  in  question. 

The  number  of  required  products,  when  this  scheme  of  anal3rsis 
is  used,  is,  omitting  those  involving  sin  30^  and  sin  90^,  160  in 
number.  The  products  omitted  in  this  count  do  not  of  course  add 
materially  to  the  labor.  With  very  little  practice  one  can  carry 
through  a  complete  analysis  in  about  45  minutes,  and  this  time 
could  be  reduced  materially  by  the  use  of  printed  forms,  to  save 
the  time  required  for  writing  down  the  numbers  of  the  columns  and 
the  headings.  This  scheme,  which  has  never  been  published,  has 
been  used  with  success  for  analyzing  a  large  number  of  curves  taken 
with  the  Rosa  curve  tracer;  a  special  application  was  its  employ- 
ment for  determining  the  correction  for  wave  form  in  absolnte 
measurements  of  inductance  made  at  the  Bureau  of  Standards.* 

An  extensi<m  oi  this  principle  of  simplification  of  the  cafetthtioii 
by  grouping  terms  was  carried  out  by  Runge^  in  1903.  This 
method,  which  is  described  in  detail  below,  consists  in  separating 
those  products  which  involve  the  same  trigonometrical  function. 
By  previously  adding  together  the  ordinates  which  enter  into  these 
products,  the  sum  of  the  products  in  question  is  obtained  wkh  the 
necessity  of  making  a  single  multiplication  only.  The  paper  of 
Runge  treats  the  problem  in  an  entirely  general  manner,  and  with- 
out reference  to  any  specific  problem,  the  number  of  harmonics 
being  unrestricted.  He  works  out  in  detail  the  scheme  (rf  calcu- 
lation for  the  cases  of  18  and  36  ordinates. 

The  paper  of  Runge  does  not  seem  to  have  received  the  attention 
it  deserves.  In  1905  S.  P.  Thompson  *  reviewed  Runge's  article, 
and  worked  out  schedules  for  the  analysis  of  curves  from  6  and  12 

*  Rom  and  Onrrm,  TUt  B«llctia.  1«  p.  ijt;  1904. 

*  Zs.  (Or  Math,  und  Phys..  4B%  p,  4u» 

*  hood.  Blect..  ii,  p.  7S;  May  5, 190s. 
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measured  ordinates,  only  odd  harmonics  being  assumed  present. 
The  author  of  the  present  paper,  after  reading  the  article  of 
Thompson  in  1909,  extended  the  use  of  the  method  to  the  case  of 
18  ordinates  with  only  odd  harmonics  present.  These  three  sched- 
ules are  given  below  tc^ether  with  the  corresponding  schemes  of 
calculation  when  even  harmonics  are  present.  Of  the  latter,  that 
for  12  p(»nts  was  given  by  Runge;  the  other  two  have  been  derived 
by  the  author.  During  the  writing  of  the  present  paper,  has 
appeared  an  excellent  though  necessarily  brief  treatment  of  the 
subject  of  wave  analysis  by  the  method  of  Runge  in  an  appendix 
to  the  ''Direct  and  alternating  current  manual''  of  Bedell  and 
Pierce,  second  edition,  191 1. 

Nevertheless,  knowledge  of  the  work  of  Runge  seems  to  be  far 
from  general,  and  the  Fourier  analysis  of  attemating-current 
curves  seems  to  be  a  thing  avoided  by  the  majority  of  electrical 
engineers.  To  such  considerations  this  paper  owes  its  origin.  In 
it  the  author  has  endeavored  to  include  all  the  necessary  for- 
mulas, tc^ether  with  a  detailed  description  of  the  methods  of  car- 
rying out  the  calculations  and  checking  their  correctness.  As  a 
further  aid  toward  clearness  all  the  formulas  and  schemes  of  cal- 
culation have  been  illustrated  by  means  of  examples  of  the  anal- 
yses of  actual  curves.  A  useful  feature  will,  it  is  believed,  be 
fotmd  in  the  multiplication  tables,  which  allow  all  necessary 
products  to  be  found  without  calculation. 

For  the  sake  of  completeness,  the  first  part  of  the  paper  includes 
a  proof  of  the  equations  of  Fourier,  for  the  case  of  a  finite  number 
of  terms,  and  with  even  harmonics  absent.  This  proof  follows 
closely  the  method  of  treatment  given  in  Byerly's  "Fourier's 
series  and  spherical  harmonics." 

The  latter  part  of  the  paper  is  taken  up  with  the  consideration 
of  some  of  the  practical  applications  of  ctu-ve  analysis  in  the  realm 
of  alternating-current  theory.  These  may  perhaps  appeal  most 
strongly  to  the  teacher,  but  it  is  hoped  that  they  may  be  of  use, 
in  any  case,  as  illustrations  of  general  methods  of  attack  for 
special  problems. 

Although  alternating-current  waves  are  the  only  cases  treated 
here,  it  hardly  needs  to  be  pointed  out  that  the  methods  and 
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results  here  given  may,  with  little  diange,  be  applied  to  the 
treatment  of  periodic  curves  relating  to  other  tomches  of  sdence. 
This  will  be  especially  true  of  the  analysis  schedules  for  curves  in 
which  even  harmonics  are  present. 

The  electromotive  force  and  current  waves  reproduced  here 
were  all  taken  from  originals  drawn  by  means  of  the  Rosa  curve 
tracer.*  Pcm*  details  of  this  instrument  the  reader  is  referred  to 
the  original  article.  Briefly,  the  instrument  cq>erates  on  a  point- 
by-point  method,  the  instantaneous  isSl  of  potential  ov^  a  restst- 
ance,  through  which  an  alternating  current  is  flowing  being  c^^lied 
by  means  of  a  rotating  contact  maker  to  a  potentiometer  arrange- 
ment, the  instantaneous  emf  being  balanced  by  varjring  the  posi- 
tion of  a  movable  contact  (on  the  potentk>meter) ,  whidi  position 
can  be  automatically  r^[istered.  The  curves  themselves  bear 
witness  to  the  faithfulness  with  whidi  even  insignificant  irregular- 
ities of  the  wave  may  be  recorded. 

Finally,  I  wish  to  express  my  indebtedness  to  Prof.  Rosa  for 
the  wealth  of  curves  which  he  has  placed  at  my  disposal,  tmt 
especially  for  my  first  interest  in  the  subject  and  the  advantage 
of  an  intimate  knowledge  of  his  work  along  this  line. 

U.  THE  FOURIER  METHOD 

1.  DERIVATION  OF  FOUIUBR'S  EQUATIONS  FOR  A  FINITB  NUMBER  OF 

TERMS 

By  the  method  of  Fourier  any  ftmction  may,  between  definite 
linuts,  be  expressed  as  a  series  of  sine  and  cosine  terms  in  the  form 

y^fix)  — i4i  sin  a: -1-^4,  sin  2«-l-i4,sin  yc 

4-   .  .  .      +i4»sinn«4-   ...  .  . 

+  B^+Bi  cos%+B,  cos2%H-B,  cos  j^x 

-I-    .    .    .       +B»  cos  fMf+    .    .    . 

where  i4i,i4„  ....  i4»,  B^, -Bj,  J9„  ....  J?«  are  constants.  To 
obtain  any  coefficient  A^^,  for  example,  Fourier  multiplied  both 
sides  of  the  equation  (i)  hywikxdx  and  integrated  between  the 
limits  zero  and  X,  where  X  is  the  interval  through  which  it  is 

*  Phys.  Rev.,  •,  p.  17;  1898. 


or 
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desired  that  the  development  shall  hold.  Since  all  the  integrals 
of  the  forms  I  Am  sin  mx'mi  kxdx  and  |  Bm  cos  mx  sin  kxdx  be- 
come  severally  equal  to  zero,  the  resulting  equation  is  simply 

Jysinkxdx^  I    A^^^kxdx 

i4t  =  ^|    y  sin  kxdx 

Similarly,  the  general  coefficient  Bk  of  the  cosine  terms  is  found 
by  multiplying  both  members  of  (i)  by  cos  kxdx  and  by  integrating 
between  zero  and  X,  and  we  find  finally, 

2  fx 

J9»  =  ^  I    y  cos  kxdx 

These,  which  are  known  as  the  Fourier  integrals,  can  not,  in 
general,  be  evaluated,  since  the  relation  connecting  y  and  x  is 
usually  unknown  or  too  complicated. 

The  series  ( i)  is  an  infinite  series ;  only  when  the  number  of  terms 
is  infinitely  great  will  the  function  be  represented  by  the  series  for 
every  value  of  x  in  the  chosen  interval.  If  n  have  a  finite  value, 
the  series  (i)  will  be  a  finite  series,  and  the  series  will  be  equal  to 
the  function  at  only  n  points,  the  deviation  between  the  ftmction 
and  the  series  being  smaller  the  greater  n  is  taken.  Fortunately 
in  the  case  of  alternating  current  waves,  the  ntunber  of  terms 
required  in  order  that  the  deviations  between  the  curve  and  the 
series  may  be  negligible  is  seldom  very  large.  Fiuther,  from  the 
fact  that  well-designed  alternators  give  waves  of  which  the  positive 
and  negative  loops  are  closely  of  the  same  form,  it  is  only  necessary 
to  include  terms  involving  the  sines  and  cosines  of  odd  multiples 
of  %. 
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An  alternadng  current  wave  may  therefore  in  general  be  repre- 
sented by  the  equati<m 

yA^wi  l^+A^sin  3pt+AgWi  5pt+  .  .  . 

+AitWikpi+  ...     H-il,,^,  sin  (2n  — 1)/>/  .. 

+BiCOSpt'^B^cos3pt-^B^cosspt'^  ...  ^^' 

+BftC06ik/>l+  .  .  .     +B,^^cos(2n-i)pt 

where  ^  -  2)r  times  the  frequency. 

It,  therefore,  ordinates  of  the  wave  be  measured  at  2n  equally 
spaced  points  in  the  half  wave,  a  set  of  2n  simultaneous  equations  of 
the  form 

yt-^iSin^+i4,  sin^+  .  .  .     +i4»sin^+  .  .  . 

+i4^^,  sm'     ^^'   +BiCM  ^'^B^cos^+  .  .  . 

.  D  *^   .  .  D  (2n-i)^ 

+B»  cos  —  +  .  .  .  +Bh,^  COS  ^ 


2n  ''^*  2n 

ym^AiSm—r  +i4,sm^~--+  .  .  .   +i4»sm— —+  .  .  . 

+i4^.  sm        ^^       +B,  cos  — +B,  cos  ^         (3) 
_         mkn  .  -^  m(2n  — i)jr 

+  .   .   .    +BftCOS-— -+  .   .    .    +g,^,C08 

.      .     (2n-i)jr  .    -     .    3(2n-i)^  , 

■*■    *        in —       •  '  *   +^»«^iStn — — — 

-,  (2n— i)3r  .  r>  3(2n— i)3r  . 

+BiCOS^ ^+B,  cos^^— - — ^+  .  .  . 

*  2n  •  2n 

*  2n  "^  2n 

will  be  obtained,  which  are  sufficient  to  determine  the  2n  unknown 
coefficients  in  equati<m  (2),  and  the  analysis  will  take  into  account 
all  the  odd  harmonics  up  to  and  including  that  of  order  (2n— 1)» 
The  curve  represented  by  the  equation  (2)  will  intersect  the  actual 
curve  at  those  points  whose  measured  ordinates  enter  into  equation 
(3)  and  the  magnitude  of  the  deviations  between  the  curve  and 
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series  at  the  other  points  will  give  an  idea  as  to  the  importance  of 
those  harmonics  not  taken  into  accomit  by  the  analysis. 
To  obtain  the  value  of  the  general  coefficient  A  t  of  the  sine  terms 

in  (3) ,  multiply  both  sides  of  the  equation  for  j/j  by  2  sin  — ,  the 

2r» 

equation  for  y,  by  2  sin  — ,  etc.,  and  add  the  resulting  equations. 

2fv 

The  first  member  of  the  sum  becomes  22::r">«  sin  — . 

2tt 

In  the  second  member  the  general  coefficient  Ar  (where  r  can 
have  any  value  except  k)  is  multiplied  by  the  factor 

tIz^T    sm sm =  22^.,        cos  — ^^ —  cos— ^ — 

*"  '  2n         2n  '      L  ^^  2n      J 

Making  use  of  the  lemma  ^ 

cos  x+  cos  2X+  cos  3X+   •  .  • 

sin(2^+i)| 

+  QO&{s—l)x  -f  QOSSX^  -i+i ^^^ 

.      X 

sm  - 
2 


and  remembering  that  (r—k)  and  (r+&)  are  even  int^;ers,  it  is 
easy  to  show  that  the  factor  by  which  i4  r  is  multiplied  is  equal  to 
zera 

The  coefficient  Br  (where  r  may  have  any  value,  not  excluding 
ib)is 

•»  I  —  .^  •»  I      1^  2n  2n      J 


2n  2n 

and  making  use  of  the  lemma  ^ 

sin%-fsin2jc+sin3x+  .  .  . 

.    sx   •     /    ,     \% 

sm-sm(j  +  i)- 
-f  sin  (j  — 1)«  +  sini^»i  ^^^ 

X 

sm  - 

2 

the  factor  by  which  B^  is  multiplied  is  also  seen  to  be  equal  to  zero. 

'  Byerly'tPoarkr't  Scries  and  Spherical  Hannoiiks,  p.  s». 
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There  consequeiitly  remains  in  the  second  member  ofily  one 
term 

2^»2::r-  sin  ^-^.[(2n-  o  -kzt  «»  ^] 

which  by  (4)  reduces  to  2ni4t,  and  we  have  finally 


2n 
or  (6) 

i4»-'2::r"%sfai  — 

To  obtain  B^  we  multiply  both  sides  of  the  equation  for  y^  by 
2,  the  equation  for  y,  by  2  cos  — ,  the  equation  for  y,  by  2  cos  — ' 

211  211 

etc.,  and  add  these  equations.    The  first  member  of  the  resulting 
equation  is  22^^     ym  cos 


2n 

In  the  second  member,  the  coefficient  of  Ar  is 

__— _.^_,        mm       nUcit 

2  2„r     sm cos , 

•"  '  2n         2n 

which  we  have  already  shown  reduces  to  zero. 

The  general  coefficient  Br,  where  r  does  not  have  the  value  k, 

is  a£Fected  by  the  factor 

22,^.;      cos cos 

2n  2n 

-2+2S-,    Mcos— ^^ ^-fcos— ^^ ^ 

L  2^  2n      J 

which  by  use  of  the  lemma  (4)  can  be  shown  to  be  equal  to  zero. 

There  remains  therefore  in  the  second  member,  one  term  only, 

mkr: 
2Bjk22ir"'  cos* 2nBjt  and  the  value  of  Bj^  follows  at  once. 

2n 

It  has  been  shown,  therefore,  that  the  alternating  wave  can  be 
represented  by  the  finite  series  (2)  at  2n  points  of  the  half  wave, 
and  that  the  coefficients  in  (2)  are  capable  of  calculation  from  the 
2n  ordinates  of  these  points,  by  the  simple  relations 

Ak^-^m-T     ym  sm    ,      Bt--2~.r     ym    COS  -— -  (7) 

*    n       •     -^  2n  *    n  *  *     -^  2n        ^' 
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The  coefficients  of  the  sme  terms  in  (2)  are  therefore  found  by 
taking  the  averages  of  the  measured  ordinates  of  the  curve,  each 
ordinate  having  been  multiplied  by  the  sine  of  an  appropriate 
multiple  of  that  angle  which  indicates  the  position  of  the  ordinate 
in  question.  Similarly,  the  coefficients  B^  of  the  cosine  terms  are 
found  by  averaging  the  products  of  the  measured  ordinates  ym 
and  the  cosines  of  the  same  multiples  of  the  abscissas.  For 
example,  if  12  ordinates  are  measured  with  abscissas  equally  spaced 
15°  apart,  to  find  the  coefficient  B^  we  are  directed  by  equation  (7) 
to  multiply  y^  by  cos  o^,  y^,  by  cos  3  X 15®,  y^  by  cos  2  X3  X 15®, 
etc.,  to  add  these  12  products,  and  to  divide  the  sum  by  6. 

Sin^)le  as  ate  the  operations  indicated  in  ( 7)  for  finding  the  coeffi- 
cients in  the  Fourier's  series  development  for  an  alternating  cur- 
rent wave,  it  is,  however,  evident  that  the  amount  of  labor  invcdved 
in  evaluating  the  coefficients  must  increase  rapidly  with  the  number 
of  harmonics  taken  into  account ;  that  is,  with  the  number  of  terms 
included  in  the  series.  If  any  considerable  number  of  harmonics 
are  to  be  found,  it  will  become  necessary  to  systematize  the  calcu- 
lation in  order  to  avoid  confusion  and  to  guard  against  error. 

2.  RUNGB'S  METHOD  OF  GROUPING 

Of  the  methods  which  have  been  suggested,  the  one  which  best 
serves  the  purpose  is  that  of  Runge;  it  is  used  in  the  methods  of 
analysis  considered  below. 

We  note,  first,  that  it  it  is  an  advantage  to  use  an  even  number 
of  measiu^  ordinates  per  half  wave,  rather  than  an  odd  number. 
Not  only  is  the  necessity  avoided  for  the  calculation  of  one  of  the 
coefficients  from  an  extra  set  of  ordinates,  as  remarked  above  in 
the  case  of  A^^,  but  it  has  the  further  advantage  that  the  grouping 
of  terms  involving  the  sines  of  common  angles  can  be  further 
extended,  and  the  calculation  of  certain  higher  harmonics  can  be 
made  to  depend  in  a  simple  manner  on  the  calculation  of  the  lower 
harmonics. 

In  general,  since  &  is  an  odd  number 

sm  — -  =sm  (2n-w)— ,        cos  --—  «=  -cos  (2n-w)— 
2n  '2n  2n  ^  ^2n 

(8) 

sm  *-—  =  ±  sm  (2n -*)—-,        cos  * —  -  T cos  (2n -*)— 
2n  '  2n  2n  ^  '  2n 
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In  those  cases  where  the  double  sign  appears,  the  upper  sign  holds 
for  odd  values  of  m  and  the  lower  sign  for  even  values  6t  m. 

The  first  two  of  the  equations  (8)  show  that  in  the  fundamental 
equations  (7)  the  measured  ordinates  ym  and  y^n-m  <^^  to  be 
multiplied  by  the  sine  of  the  same  angle,  and,  excepting  fen-  the 
algebraic  sign,  by  the  same  cosine.  Therefore,  by  adding  ym  and 
^M-«»  before  multq>lytng  by  the  sine,  and  by  taking  the  difference 
of  ym  and  >^m-«i  before  multiplying  by  the  cosine,  the  number  of 
products  to  be  obtained  is  halved.  In  thk  method,  therefore,  we 
obtain  at  the  start  the  quantities  Sm^ym  +>^m-«i  and  dm'^ym  — >^t»-«f 
the  sums  and  differences  of  complementary  ordinates. 

Prom  the  last  two  equations  of  (8)  it  is  evident  that  the  products 
enterii^  into  the  calculation  of  the  coefficients  A]t  and  Bj^,  on  which 
the  amplitude  of  the  kth  harmonic  depends,  are  also  required  in 
the  calculation  of  the  (an— 4;)th  harmonic.  It  is  not  difficult  to 
show  that  if  we  separate  those  products  which  involve  even  ordi- 
nates from  those  involving  the  odd  ordinates,  and  take  the 
respective  sums  5«  and  5«  of  the  sine  products  involving  the  s^ 
and  s^^^  and  the  sums  D^  and  D^  of  the  products  involving  the 
d^  and  d^^^,  respectively,  then  the  coefficients  A]tf  ^m-a^  B^,  B^^ 
are  given  by  the  following  relations: 

B,^D,-^D,.         B^^,^D.^D,  ^^^ 

The  coefficients  may  consequently  be  separated  into  two  com- 
plementary groups.     For  those  harmonics  whose  order  &  is  a 

k      I 
factor  of  211,  the  calculation  becomes  yet  simpler.     Putting  —  «  -, 

where  y  is  an  int^er,  we  have 

.    mkn       .    mtt  nt+v         .    m-^iv 

sm  —  sm  - —  «  —  sm n  «  sm w, 

2n  p  V  V 

mkn  mn  m  +  v  fn  +  2v 

cos —  cos  —  —  —  cos 7c  «=  cos 3r,  etc, 

2n  V  V  V 
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and   if,    further,    m   is    exactly  divisible    by   v,  sin =  ±  i , 

cos =  zero,  and  for  values  of  m  half  as  great,  sin  -zz-"^  ±i> 


2n 
mkT: 


2n 


cos «zero.     A  considerable  number  of  terms,  therefore,  in- 

2n 

volve  the  factor  zero  or  unity,  or  at  least  the  sine  or  cosine  of  the 

same  angle. 

m.  SCHEDULES  FOR  CARRYING  OUT  ANALYSES 
1.  ARRANGBMBNT  OF  CALCULATIONS 

From  these  considerations  are  derived  the  following  schedules 
based,  respectively,  upon  systems  of  6,  12,  or  1 8  equally  spaced 
measured  ordinates.  Blank  forms  can  easily  be  prepared,  to  save 
clerical  labor,  if  many  calculations  have  to  be  made. 

TABLE  1 
Point  Schedule 


SlMltl 

ns 

CMiMll 

MM 

WOnHMM 

Sums 

Dlflt. 

IfltaadSlh 

3d 

IfltaadSlh 

3d 

y 

d« 

71  y* 

ti 

di 

tin  30* 

■1 

dt 

n  74 

n 

4« 

•*  60* 

■t 

di 

ft 

n 

-  90* 
miBS 

•• 

•i—U 

d« 

dr-d. 

8«           8« 

8 

Dt          Dt 

D 

Ai-« 

3 

8 
3 

^    Dt+Dt 
3 

3 

A--. 

Dt-Dt 

3 

3 

In  each  of  these  schedules  the  measured  ordinates  are  first 
written  down  in  two  coltmms  in  the  order  indicated.  In  the  neict 
two  columns  appear  the  sums  ^«»  of  the  ordinates,  found  by  adding 
those  in  the  same  row,  and  the  di£Ferences  dm  of  the  same  ordinates. 
In  the  fifth  column  are  indicated  the  trigonometric  functions 
which  enter  into  the  calculation.  The  rest  of  the  schedule  indi- 
cates in  an  abbreviated  form  what  products  are  to  be  formed,  the 
convention  being  adopted  that  each  quantity  Sm  or  dm  is  to  he 
be  multiplied  by  the  sine  of  the  angle  which  appears  in  the  same 
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row  at  the  left.  For  example,  in  the  6-point  schedule,  we  are  to 
take  the  product  of  ^i  and  sin  30^  in  one  case,  and  in  another  the 
product  of  d^  and  sin  30^.  It  is  also  to  be  noticed  that  each 
product  which  is  involved  in  the  calculation  of  any  coefficient, 
stands  in  the  left  or  right-hand  column,  according  as  it  depends 

TABLE  2 
Twelve  Point  Schedule 


• 

StaMtnaw 

•fdtealM 

istaadlldi 

3d  and  9111 

SIhaadTdi 

y 

d« 

71    711 

1 

dl 

tin  15* 

■1 

•1 

71   7fet 

m 

4« 

M    lO* 

•i 

•i 

7i    7» 

n 

dl 

M    45. 

•• 

#k 

-«i 

li    7i 

•4 

d« 

-  60* 

•« 

— ti 

n  ft 

H 

d» 

M  n» 

•1 

ti 

y 

•t 

M    |0« 

•• 

#t 

■1 

89'        S*! 

8«           8« 

8t°       8«n 

#i-H+l 

Ir-IK   *i-di-4r-d» 

8t+8t 
6 

a»n+8»n 

^-      • 

'•— 

IK        a-d«-~d« 

a»'~89' 

8»-S« 

6 

CMlMlMaM 

in  Mid  lldl 

dd«id9t]i 

SthaadTOi 

tin  15* 

d» 

dl 

t 

M  30* 

d4 

d« 

••  45* 

d« 

ai 

— ds 

•*  60* 

d« 

—da 

M  75* 

dl 

d» 

M  90* 

d« 

dl 

d« 

jy^      D«' 

D»°      D«° 

»-         6 

B»- 

6 

Dtl-D«I 

6 

"'■         6 

Bu-        ^ 

Upon  odd  or  even  ordinates.  For  example,  in  the  calculation  of 
the  fifth  and  seventh  harmonics  in  the  1 2-point  schedule,  we  have 
to  form  the  products  s^  sin  15®,  —  j,  sin  45®,  and  ^1  sin  75®  and  take 
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their  sum  obtaining  the  quantity  5o".  Similarly,  the  quantity 
S/^  is  found  as  the  sum  of  the  products  ^3  sin  30®,  —^4  sin  60®, 
and  s^  sin  90^.     In  the  case  of  the  1 2-point  schedule  the  coefficients 

TABLE  3 
Eighteen  Point  Schedule 


iifid 

-• 

DUh. 

f 

d« 

Jl     fiT 

■1 

di 

y»  TM 

•• 

d« 

f»  fii 

>f 

d« 

y*  714 

■« 

d^ 

lb     JI4 

■» 

d» 

y*  ya 

N 

d« 

yr    fa 

•r 

d7 

f»   Jit 

H 

di 

9ft 

■• 

rialO* 

««  70* 
-  80* 


#t- 


jr-#i-#i 


Slno  tonus 


1st 


ITIll 


■1 


■7 


■« 


So^+Se' 
A. — 


A,,-- 


Sd 


IMh 


SthaadiaOi 


8»n       8e°      8»™     S#™ 

So°+Sei>'       So™+Se™ 
A,- —  !A«- : 


Ai»— Au~ r — 


Till 


lllh 


■1 


8t^      St'^ 
At- z 


An- 


9 


^— di — dft— ^ 


■ialO* 
••  20* 

-  40* 

••  60* 
••  W 
"  80* 


C<rtii>  tonni 


in 


ITOi 


64 


di 


■' — — 


iir 


Sd 


ISIb 


9$ 


SiKhmkdiaOk 


-di 


di 


-da 


d} 


B. 1 


Bu— 


Dtn-De° 


Do™+Dt™ 


Btt- 


Do™-Dt™ 


Till  and  11th 


-4» 


9(h 


|Bt- 1 — 


iBu- 


Dt'^-D*^ 


A 
9 


i4,,  Ag,  B^f  and  B9  involve  several  of  the  differences  dm  and  the 
sums  Sm  in  each  of  the  products.    Thus,  in  the  case  of  the  12-point 
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schedule,  the  quantity  cr^  —  j^  +  j, — s^  has  to  be  multiplied  by  sin  45^ 
as  also  the  quantity  S|— d|— J,— J^.  These  schedules  will  be 
further  explained  and  illustrated  by  numerical  examples  bek>w. 

To  aid  in  making  the  numerical  calculations,  there  have  been 
tabulated  (Appendix  A)  the  products  of  all  the  sines  which  enter  into 
these  schedules  by  all  the  whole  numbers  up  to  100.  These  products 
are  carried  out  to  three  decimal  places.  Interpolation  is  accom- 
plished by  means  of  the  same  table  by  simply  shifting  the  decimal 
point.  Thus,  any  product  of  an  ordinate  of  four  figures  may  be 
found  by  entering  the  table  twice  and  making  a  simple  addition. 
For  example,  the  product  of  the  ordinate  74.39  by  sin  70^  is  found 
by  entering  column  7  of  the  table  with  argtunent  74  and  39.  The 
numbers  found  are  69.538  and  36.648.  The  required  product  is 
therefore  69.538 +  .366—69.904.  Those  products  which  involve 
sin  30^  and  sin  90^  will  of  course  be  obtained  without  the  aid  of  the 
table. 

In  work  of  this  Idnd  some  check  on  the  accuracy  of  the 
numerical  work  is  almost  indispensable.  Fortunately,  such  a 
check  may  be  made  without  any  considerable  amount  of  labor. 
The  equations  below  give  sufficient  relations  between  the  coeffi- 
cients and  the  measured  ordinates  to  establish  the  correctness  of 
the  values  of  the  coefficients  derived  by  calculations. 

2.  CHBCKS  ON  THB  ACCURACY  OF  THB  CALCOLATIOHS 

Check  on  tiie  6-potiit  Analysis 


y.-(B,+BJ+5, 

j,-2(i4,-i4J  sin  60® 
di-2(Bi-5J  sin  60^ 

Check  on  tiie  12-point  Analysis 


(10) 


y.-(B,+SJ-f(B,  +  BJ+(B.+B,) 

^.- 2  sm  45''.[(5i  -^u)  -  iB^-B^i  -  (J5, -B,)] 
d,-2sin45^[(i4.+i4„)+(>l.+>lJ-(A,+>l,)]  ^"^ 

d,  -  2  sin  6o^.[(Bi  +Bu)  -  (^i  +^7)] 
J4-2  sin6o^[(i4i-i4ii)  -{A^-A^)] 
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Of  the  equations  (i  i)  the  first  gives  a  check  on  the  sums  of  the 
complementary  B  coefficients,  while  the  second  gives  an  indication 
of  the  accuracy  of  the  differences  of  the  complementary  A  coeffi- 
cients. If  the  third  and  fourth  of  the  equations  are  also  satisfied 
the  check  is  complete,  since  when  the  sums  and  differences  of  the 
complementary  coefficients  have  been  shown  to  be  correct  the 
individual  coefficients  must  necessarily  be  correct.  In  case  of  the 
failure  of  the  calculated  values  to  satisfy  any  one  of  the  equations, 
it  is  difficult  to  determine  from  the  equations  wherein  the  trouble 
lies.  Herein  the  check  for  the  12-point  analysis  is  not  so  con- 
venient as  that  for  the  6-point  analysis.  The  last  two  equations 
in  (i  i)  have  accordingly  been  appended  to  aid  in  such  a  case,  since 
they  do  not  contain  the  coefficients  A^,  A^,  B„  or  B^. 

Check  on  tiie  18-point  Anal3rsis 

y. -  (B,  +B,,)  +  (B, 4.B J  +  (B,  +BJ  4-  (B,  +B„)  +5. 
y.^(A,'hA„)  +  {A,+AJ+A.-'(A,+AJ-{A,'\'A,,)    .    . 
d.-2  sin  6o^[(B,-B„)  -(B.-BJ  -(B,-B,,)]  ^"^ 

J.  -  2  sin  6o^.[(A,  -i4„)  -  (A,-- A  J  -f  (A,  -AJ] 

The  first  two  of  the  equations  (12)  should  first  be  applied.  If 
these  are  satisfied,  the  sums  of  all  the  complementary  coefficients 
are  correct,  which  shows  that  the  quantities  So  and  Do  have  been 
correctly  computed.  Similarly,  the  third  equation  is  a  check  on 
the  accuracy  of  the  calculation  of  the  quantities  D^  upon  which 
the  differences  of  the  complementary  B  coefficients  depend,  while 
the  fourth  equation  gives  the  corresponding  check  on  the  quan- 
tities Sg.  The  system  of  control  shown  in  equations  (10),  (11), 
and  (12)  gives  not  only  a  complete  check  on  the  calculation  of  the 
coefficients,  but  in  case  of  error  serves  to  indicate  within  com- 
paratively narrow  limits  what  part  of  the  work  needs  to  be  exam- 
ined for  error.  The  only  combinations  of  coefficients  which  do  not 
enter  into  the  check  equations  (12)  are  the  differences  of  the  third 
and  fifteenth  harmonics,  and  the  calculation  of  these  is  so  simple 
that  it  is  best  to  take  the  few  moments  necessary  to  repeat  the 
calculation  of  these  quantities.  Since  the  products  involved  in 
i4,-i4i5=5e''  and  B^—B^^^D/'  contain  sin  30^  and  sin  90®  only, 

89430*^—13 — 8 
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the  chances  of  error  m  taking  the  products  is  no  greater  than  that 
in  applying  any  of  the  equations  (12). 

It  is  recommended  that  every  analysis  be  checked.  In  spite 
of  the  fact  that  simple  arithmetical  operations  only  enter  into 
the  analysis,  errors  very  easily  slip  in,  which  are  readily  detected 
on  carrying  through  the  check,  and  in  any  case  the  small  amount 
of  time  necessary  to  apply  the  check  is  amply  repaid  by  the  added 
confidence  thus  lent  to  the  results  of  the  analysis. 

3.  CALOJLATION  OF  THB  AMFUTODX  AMD  PBASB  OF  THB 

HARMOmCS 

Having  obtained  and  checked  the  values  of  the  coefficients  A^t 
and  Bk  in  the  Fourier  equation  (2),  it  still  remains  to  calculate 
from  these  coefficients  the  amplitudes  and  phase  relations  of  the 
different  harmonics.  For  thk  purpose,  we  designate  by  C^  the 
amplitude  of  the  ibth  harmonic  and  by  0^  the  difference  of  phase 
between  this  harmonic  and  the  arbitrary  phase  of  reference,  ^diidi 
is  that  of  the  ordinate  chosen  as  y^.  Putting  Ajt^Cit  cos  O^t  ^^ 
Bjk — Cji  sin  0jk  we  have  in  general 

Au  sin  kpt'\'Bu  cos  kpt'^Cu  sin  (kpt-di;)  /    % 

^C,  sin  k(pt-<p^  ^'^^ 


where 


The  quadrant  of  du  is  uniquely  determined  from  the  consideration 
that  the  algebraic  signs  of  the  numerator  and  denominator  in 
the  equation  for  tan  d^^  are  respectively  those  of  sin  0^  and  cos  tf «. 
The  phase  of  any  harmonic  C^  with  respect  to  the  fundamental, 
expressed  in  terms  of  the  period  of  the  latter,  is  given  by  (d^  — '+'*)i 
or  we  may  displace  the  origin  so  as  to  refer  the  whole  curve  to  the 
zero  point  of  the  fundamental  by  making  0^  -  o,  and  subtracting 
9i  from  the  value  of  '^j^  for  each  harmonic.  The  angle  0t  expresses 
the  difference  in  phase  between  the  harmonic  and  the  point  of 
reference,  but  in  terms  of  the  period  of  the  harmonic  itself.  It  is 
convenient  to  use  0^  or  -^jk  according  to  circumstances. 
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4.  CHOICE  OF  THE  SCHBDULB  TO  BB  USBD 

Using  the  schedules  detailed  above,  the  analysis  of  a  curve  may 
be  easily  and  expeditiously  carried  out.  As  an  indication  of  the 
amount  of  labor  required,  the  ntunber  of  entries  which  must  be 
made  in  the  multiplication  table  is  as  follows:  6-point,  2;  12- 
point,  14;  and  for  the  i8-point  schedule,  40.  The  additions  and 
subtractions  require,  in  any  given  case,  about  half  as  much  time 
as  the  multiplications.  Hie  total  length  of  time  necessary  for 
calculating  the  coefficients  may  be  estimated  as  less  than  10  min- 
utes for  a  6-point  analysis,  and  about  three-quarters  of  an  hour 
for  an  i8-point  analysis. 

The  question  naturally  arises  as  to  the  choice  of  schedule  in  any 
given  case.  This  depends,  of  course,  both  on  the  nature  of  the 
curve  and  on  the  precision  desired.  For  example,  if  the  curve  be 
free  from  ripples  of  short  period,  and  closely  approximates  in 
appearance  to  a  sine  wave,  it  will  be  sufficient  to  take  into  account 
nothing  higher  than  the  fifth  harmonic,  and  the  6-point  schedule 
will  be  chosen.  On  the  contrary,  if  the  curve  be  more  or  less 
irrq;ular,  and  especially  if  the  sinuosities  are  of  short  period 
compared  with  the  fundamental,  it  will  be  necessary  to  carry  out 
the  analysis  to  include  higher  harmonics.  However,  it  is  not 
always  easy  to  judge  what  higher-order  terms  should  be  looked 
for.  It  very  often  occurs  that  several  harmonics  may  be  present 
to  nearly  an  equal  d^;ree,  in  which  case  the  curve  will  show  a  peak 
wherever  the  maxima  of  these  harmonics  come  nearly  together, 
and  a  trough  in  those  r^ons  where  they  reach  their  negative 
maxima  simultaneously.  In  such  cases  only  a  very  imperfect 
idea  can  be  gained,  by  mere  inspection,  of  the  number  and  nature 
of  the  harmonics  present.  In  the  case  of  slotted  armatures  one 
can  predict  with  a  good  deal  of  certainty  that  certain  harmonics 
should  be  present  in  the  emf.  wave.  For  example,  if  an  armature 
have  13  slots  per  pair  of  poles  in  the  field,  it  is  probable  that  the 
thirteenth  harmonic  will  be  present  to  a  notable  extent  in  the 
emf.  wave;  if  there  be  12  slots  per  pair  of  poles,  then  the  eleventh 
and  thirteenth  harmonics  are  to  be  expected. 

To  be  absolutely  certain,  in  a  given  case,  that  no  harmonic  of 
higher  order  than  those  included  in  the  analysis  is  present  to  an  appre- 
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ciable  extent,  it  is  necessary  to  compute  from  the  calculated  coef- 
ficients the  values  of  the  ordinates  of  the  curve  for  points  other  than 
those  used  in  the  analysis,  and  to  compare  the  values  thus  obtained 
with  the  actual  measured  values  at  these  points.  For  this  test 
enough  points  should  be  included  to  avoid  the  possibility  of  consid- 
ering only  those  places  where  the  harmonics  to  be  detected  nearly 
annul  each  other,  or  are  near  their  minimum  values.  The  matter  is 
somewhat  complicated  by  the  fact  that  with  harmonics  present 
of  higher  order  than  those  included  in  the  analysis,  the  value  of 
the  highest  harmonic  actually  calculated  comes  out,  not  with  its 
true  value,  but  of  such  a  magnitude  as  to  correct  for  the  effects 
of  yet  higher  harmonics  at  the  phases  of  the  fundamental 
ordinates. 

The  calculation  of  the  ordinates  of  points  intermediate  to  those 
included  in  the  analysis,  using  the  values  of  the  harmonics  derived 
by  an  analysis,  may  be  simplified  by  properly  choosing  the  ordi- 
nates for  which  the  calculation  is  to  be  made.  The  derivation  of 
the  schemes  of  calculation  given  in  the  following  table  is  a  simple 
matter;  the  nomenclature  is  the  same  as  in  the  preceding  pages. 

The  phases  of  the  ordinates  which  may  be  calculated  by  Table  4 
are  indicated  by  subscripts.  For  example,  the  ordinate  y^  in  the 
middle  section  of  the  table  lies  50^  away  from  the  fundamental 
ordinate  y^  used  in  the  analysis.  The  table  indicates  that  the 
value  of  ^M  which  is  consistent  with  the  results  of  the  analjrsis  is 
to  be  found  by  performing  certain  operations  on  the  coefficients 
which  have  been  found  by  the  analysis.  Thus,  i4,  is  to  be  multi- 
plied by  sin  30®,  —i4,  by  sin  70®,  etc.  These  products  are  arranged 
in  two  groups  whose  sums  M^  and  N^  are  then  to  beiound.  The 
sum  (M^+Ng)  gives  the  required  value  of  y^,  and  the  difference 
(Af  4 — NJ ,  the  value  of  its  complementary  ordinate  yttt-  On  com- 
paring these  calculated  values  with  the  actual  ordinates  of  the 
curve,  an  idea  of  the  adequacy  of  the  anal3rsis  is  obtained. 

It  will  sometimes  occur  that  more  or  less  complete  resonance  of 
a  harmonic  of  high  frequency  will  exist,  and  will  give  the  wave  a 
rippled  appearance  such  as  to  allow  the  order  of  the  resonant 
harmonic  to  be  established  with  certainty.  For  example,  if  it  is 
practically  certain  from  the  frequency  of  the  ripples  that  a  com- 
ponent emf.  of  a  frequency  21  times  that  of  the  fundamental  is 
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present,  the  magnitude  and  phase  of  this  harmonic  may  be 
obtained  by  measming  22  equidistant  points  per  half  wave,  and 

TABLE  4 

For  the  Calculation  of  the  Ordinates  of  Points  Intennediate  to  Those  Used 

in  the  Analysis 

SIX-POINT  SCHEDULE 


ilnlS* 
••  45* 

•*  75* 

Ai       B. 
A.       B« 
A«       Bl 

(A1+A.-A6)          (Bi-B.-B») 

A»       Bl 

-A*    -B. 

Ai       Bft 

Sums 

Ml     Ni 

yu-Mi+Wi 
ym^Mi-Ni 

M«                          Ns 

y«-Mi+Ni 
ym^Mt-Ns 

M«     Na 

jrre-IlH-Ha 
yi«-Bfa-Na 

TWELVE-POINT  SCHEDULE 


■in  10* 

Ai 

-B. 

(B,+Bu) 

-(At+Au) 

-Aa 

Bl 

•«  20* 

(B,-Bii) 

Ai 

-Aa 

-Ba 

Bl 

-(Aj+An) 

-  3o» 

Aa 

Ba 

-Ba 

Aa 

-Aa 

-Ba 

f«  40* 

Ba 

(A,-Au) 

Ai 

Bl 

-(Bt-Bu) 

Aa 

••     5Q. 

Aa 

-(BH-Bii) 

Bl 

Ai 

(At+Au) 

Ba 

-  60* 

Ba 

Aa 

Aa 

-Ba 

-Ba 

-Aa 

-  JO* 

(A,+Au) 

Bl 

-Ba 

-Aa 

Ai 

-(Bt+Bii) 

-  80* 

Bl 

Aa 

-(Ar-An) 

(B,-Bu) 

Ba 

Ai 

«•  90* 

Aa 

-Ba 

Ba 

Aa 

-Aa 

B» 

Quim 

Ml      Ni 

Ma       Nt 

M4       N« 

Ma       Va 

M,       H, 

Ml      Ms 

M+H 

y» 

yn 

y« 

7W 

fn 

yiN 

M-N 

jrua 

fm 

yi4o 

fm 

yua 

nw 

EIGHTEEN-POINT  SCHEDULE 


■ialS* 
•«  45» 

•1         ba 
•t         ba 

•a          bl 

a 

^ 

•a           bl 
-••       -b. 

•1          bl 

Sum 

Ml       Ni 

fia-Mi+Hi 
TMi-Mi-Ni 

« 

Hi-fi 

Ma       Na 

rva-Ma+Va 
TMa-Ma-Ha 

•i-Ai+Au-Aia 
•r-Aa+Aa  -Au 
•r^Aa+Ar  —An 


bi—Bi— Bu— Bu 
bl— Ba— Ba  — Bu 
bi— Ba— Br  —Bit 


••i+«i-«i 
/»-bi-bt-bi 


calculating  the  values  of  ^4,1  and  B,i  directly  by  means  of  equation 
(7).     It  is  well  in  such  a  case  to  recalculate  the  harmonic  from 
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other  sets  of  22  ordinates,  since  it  is  hard  to  be  sure  that  other 
harmonics  of  neariy  the  same  frequency  are  not  also  present. 
See  exampk  3. 

Evidently,  in  case  of  doubt,  such  tests  require  about  as  much 
time  as  the  anal3rsis  itself,  so  that  it  will  generally  be  well  to  err 
on  the  safe  side,  and  select  that  schedule  of  analysis,  which  will 
certainly  include  all  those  harmonics  which  are  reasonably  to  be 
expected.  A  second  analysis  using  the  same  schedule,  but  with  a 
di£Ferent  set  of  ordinates  will  if  in  good  agreement  prove  that  the 
neglected  harmonics  are  n^ligible.  Fortunately,  in  the  great 
majority  of  cases,  harmonics  of  order  higher  than  the  fifteenth 
are  of  rare  occurrence,  and  only  in  the  case  of  resonance  will  the 
value  of  these  upper  harmonics  be  appreciable. 

IV.  EXAMPLES  OF  THE  USE  OF  THE  ANALYSIS  SCHEDULES 

XXAMPLB  1.  ANALYSIS  OF  A  CURVE  BY  THE  SQ-POINT  SCHEDULE 

As  an  example  of  the  application  of  the  6-point  schedule  we 
may  take  the  curve  A,  Fig.  i»  which  shows  the  current  wave  in 
a  highly  inductive  circuit  This  curve  approximates  very  dosdy 
a  simple  sine  wave  in  its  appearance,  and  no  appreciable  har- 
monics of  high  order  are  to  be  expected. 

The  fundamental  ordinates  used,  which  are  the  means  of  those 
of  two  consecutive  half  waves  are  as  follows: 

y."  -  1.3  <ii^^  -1-3 

yi-    15.1        >'t-i7.3         ^1-32.4  rfi=--2.2 

y,-      28.0  ^4- 28.85  ^1- 56.85  <l,=  -o.85 

yi-    32.35  ^1-32.35 

The  average  deviations  of  the  pairs  of  meastured  ordinates  from 
their  means  was  about  0.4  of  a  unit  on  the  same  scale,  which 
difference  is  mainly  due  to  the  fact  that  the  zero  line  of  the  paper 
was  slightly  displaced  from  the  actual  line  of  zero  electromotive 
force. 

The  analysis  is  given  in  full  in  Table  5,  together  with  the  check 
given  in  equations  (10).  Italic  type  indicates  that  part  of  the 
work  which  could  be  saved  by  the  use  of  a  printed  form.  In  the 
column  at  the  extreme  left  are  given  the  numbers  of  the  rows. 
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In  the  second  part  of  the  table  is  shown  the  calctilatk>n  of  the 
check  ordinates.  The  greatest  deviation  between  any  funda- 
mental ordinate,  and  its  value  calculated  ftxim  the 
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TABLE  5 
Analysis  of  a  Curve  from  Six  Ordinates 


• 

Smtimwu 

C^smuttnmt 

Mimtmtd 

s. 

* 

tstmmd 

Pk 

y 

titmmdsik 

y 

+    - 

+ 

^ 

+ 

_ 

+ 

0 

-L9 

-L9 

1 

1S.1  17.9 

92.4 

-2.2 

11^200 

0l425 

2 

21.0  21.95 

91^95 

-0l95 

4^299 

92.400 

L9QS 

-L909 

9 

92.95 

^95 

92.990 

92.990 

L990 

€l9S0 

Sumu 

4^590 

49L299 

OlOSO 

L725 

L9QS 

-(1459 

St 

4^299 

-a  999 

L9QS 

0l190 

97.799 

-9.930 

i4i- 

92.994 

i4^-0i229 

i4^a017 

A- 

-L210 

B^oioeo 

Br— &190 

CHECK 


Bi+A 

-L190 

i4i+i4» 

92.9ff 

(i4i-i4») 

92.922 

(A-iW 

-L270 

Bt 

-OilSO 

-ill 

-0lO17 

X* 

91 M4 

X* 

-2.540 

• 

dMW 

-L990 

Sum 

92.919 

51291 

-2.19S 

u 

-1.9 

ft 

92.95 

.554 

.095 

i(i4i-i4») 

.009 

*(Bi-B») 

>li+i4^92.9ff 

51 9M 

-2.200 

>li->1^92.922 

Xifaitfo* 

Xsm6o* 

Bi+B^-LlSO 

«i 

5195 

A 

-2.2 

Bi-B^-L270 

CALCULATION  OF  THE  AMPLITUDES  AND  PHASES 


^•"VsiM+riw       ^"^Vo: 


017  +07130 


— 

92.919 

#1- 

L210 

32.994 

- 

0.0971 

#1-2 

•r 

— 

0.151 

- 

0.150 
0.017 

- 

9.9 

9r- 

99*.  5 

#r-  2r.9 

tmh" 


■^Vl  229 +0.090 

-      0.299 

-1090 

-1229 
-      1 
9b- 194*.  7 
#r-  39*.9 


Am  and  Bm  is  .002,  a  concordance  which  may  be  r^;arded  as  satfe- 
foctory.    The  entire  work  has  been  carried  out  to  a  greater  number 


Example  of  Ana] 


Measured 
ordmaUs 

s 

d 

0 

0.3 

0.3 

+ 

8.5                  8.7 

17.2 

-0.2 

4.452 

14.3              18.4 

32.7 

-4.1 

20.6              26.0 

46.6 

-5.4 

32.951 

26.15             30.7 

56.85 

-4.55 

29.8              32.9 

62.7 

-3.1 

60.564 

32.25 

32.25 

Sums 

97.967 

So 

97.967 

s. 

97.833 

A 

impiitudes 

Av 

e\ 
17.2 

46.6 

63.8 
62.7 

1.1 


-0.2 
5.4 

3.1 

8.3 


32.7 
32.25 


0.45 


it 

0.3 
4.55 

4.85 


o 
I 

i 

3 

4 

5 
6 

Sums 


Do 
Do 


0.300 

0.300 

-5.526 

-4.813 

-10.339 


Amplitudes 


Bi-« 


1 

+ 

Bi+Bii 

1.842 

A\—An 

Bi+B» 

1.616 

-(4«-i4.) 

Bft+Bi 

0.525 

Ai—At. 

2.141 

1.842 

1.842 

t 

y 

a299 

}'•  ' 

Aduul  value 

0.3 

Actual  value 

^'~V  0.087*+^ 

c-it-  / «   J 

'V  0.119  4-a 
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of  significant  figures  than  the  accuracy  of  the  curve  and  the  errors 
of  reading  the  ordinates  warrant,  since  it  was  desired  to  illustrate 
the  work  using  the  full  ntunber  of  places  given  in  the  multiplication 
table*  If  a  smaller  ntunber  of  significant  figures  be  retained,  the 
labor  is  correspondingly  reduced. 

In  the  last  part  of  the  table  are  given  the  values  of  the  ampli- 
tudes and  phase  differences  calculated  from  equations  (13).  For 
the  calculation  of  the  amplitudes  a  table  of  squares  and  square 
roots  will  be  found  a  material  aid;  the  calculation  of  the  phase 
differences  is  simplified  by  the  use  of  a  slide  rule  and  a  table  of 
natural  tangents. 

The  given  curve  is  represented  by  the  equation 

/- 32.616  sin  (/>/-2^  8O+0.151  sm  3(/>^-27^8) 
+0.236  sin  5 (/>^— 38^.9)  division 

in  terms  of  the  arbitrary  scale  used,  or  since  20  divisions —0.5 
amperes. 

/-0.8I54  sin  (/>^-2^  80 +0.00378  sin  3(/>/-27^8) 
+0.00590  sin  sipt" 38^. g)  amperes. 

With  the  origin  chosen,  the  phase  of  the  ordinate  yo  lies  2^  8^  to  the 
left  of  the  zero  point  of  the  fundamental.  The  equatk>n  referred 
to  the  latter  is  accordingly 

/— 0.8154  sin  pt+o.oo378  sin  3(/>/  — 25*^.7) 
+0.00590 sin  sipi  —  36^.8)  amperes. 

EZAMPLB  2.  ANALYSIS  OP  A  CURVB  BT  THB  TWELVB-POniT  SCHBDUIB 

In  Table  6  is  given  the  complete  anal3rsis  of  one  of  the  emf  waves 
of  a  small  two-phase  generator,  curve  B,  Pig.  2.  Although  the 
curve  is  noticeably  different  from  a  pure  sine  wave,  no  irregulari- 
ties of  very  high  period  are  apparent,  and  the  12-point  schedule 
was  used. 

The  equation  of  the  curve  found  is 

£-32.678  sin  (/>/-3''20 +1.798  sin  3(/><-92^2) 
+o.4iosin  5(/)/ -  50^5) +0.160  sin  7(/>/ -43^3) 
+0.179 sin9(/>/— 8^o) +0.121  sin  ii(/)/  — 7^2) 
divisions. 
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EZAMPLB  3.  ANALYSIS  OP  A  CURVB  BY  THE  EIGHTBBN-POmT  SCHBDUIB 

The  curve  A,  Pig.  3,  is  that  of  the  emf.  wave  of  a  small  generator 
having  14  slots  per  pair  of  poles.  This'wotild  lead  one  to  expect 
appreciable  harmonics  of  the  thirteenth  and  fifteenth  orders. 
That  this  was  actually  the  case  is  evidenced  by  the  ripples  of  high 
frequency  on  the  side  of  the  curve.  The  curve  was,  accordingly, 
analyzed  using  the  i8-point  schedule.  The  complete  calculation 
is  shown  in  Table  7.  Although  the  amount  of  work  is  greater 
than  in  the  two  preceding  examples,  nothing  new  presents  itself. 

The  results  of  the  analysis  show  that  the  amplitudes  of  the 
thirteenth  and  fifteenth  harmonics  have  values  as  great  as  several 
per  cent  of  the  fundamental,  and  are  exceeded  by  the  amplitudes 
of  no  other  harmonics  with  the  exception  of  the  fifth. 

The  complete  equation  found  is 

E -33.217  sin  ipt-i^  36O +0.970  sin  sipt- 2^.1) 

+  1.702  sin  5(/>/— 41^8) 

+0.218  sin  7(/><-38''3)+o.355  sm  9(/>^-2^3) 
+0.205  sin  ii(pt  —  ig^3) 

+  1.251  sin  i3(/><-3''8)  +  i-528  sin  i sipt  - 1  s^'j) 

+0.159  sin  i7(pt-3^o) 

which  shows  that,  for  this  curve,  an  analysis  using  only  6  points  or 
1 2  points  would  be  insttffident. 

EZAMPLB  4.  CHOICB  OP  SCHBDUIB 

In  order  to  illustrate  what  has  been  said  with  respect  to  the 
choice  of  schedule  to  be  used  in  any  given  instance,  the  anal3rsis  of 
each  of  the  three  curves  in  the  preceding  examples  has  been  carried 
through  with  each  of  the  three  schedules  given  here,  the  results  of 
these  anal3rses  being  set  forth  in  Table  8. 

Prom  this  table  we  see  that,  for  the  curve  in  Example  i,  the 
anal3rsis  from  6  points  is  sttffident  for  all  purposes,  the  ampli- 
tudes of  the  higher  harmonics,  found  by  carrying  out  the  analysis 
to  include  more  points,  are  of  the  order  of  magnitude  of  the  errors 
in  reading  the  ordinates,  and  are  not  to  be  r^;arded  as  of  practical 
significance.  Errors  in  the  curve,  due  to  slight  progressive  varia- 
tions in  the  voltage  generated  by  the  machine,  where  not  averaged 
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Do 

-4. 724 

1 

D4 

-3.604 

-8.328 

-1.120 

AmPlilttdes 

Bi- -0.925 

Bit- -0.124 

4- 

1 

Bx+Bu 

1.049    1 

.4 1+^17 

Bt+Bii 

1.156 

1 

-Ma+Aifc 

Bi+Bu 

0.210    1 

Ai-\-Axt 

B7+Bn 

0.326 

-U:+i4ii 

Bt 

0.122 

A 

Sums 

1.482 

1.381     ' 

1 

Sum 

ytr 

0.101 

t 

Actual  value 

0.1 

1 

A  dual  valit 

CALCl 

^i^V  33720 
^'»"V"0"9fl 

^^"Vo.oi! 
c»— V'o.si 

^"— Y  0.  i\ 
^»^V'o.8i 
^»^— V  o.al 

^"— V"o.^ 
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Comparison  of  the  Results  of  Analyses  of  the  Same  Curves  Using 

Different  Numbers  of  Ordinates 


Carve  of  Enmple 

1 

6poiiite 

Upotaiis 

iSpoiiite 

6poiiite 

12poiais 

ISpointf 

Ci 

32.616 

32.641 

32.648 

*i 

2-r 

i^sy 

1*52' 

Ct 

0.151 

a  103 

0.096 

** 

2798 

26» 

399S 

c» 

a236 

0.291 

0.288 

H 

38?9 

3692 

3790 

Ct 

a065 

a082 

^ 

3098 

2990 

Ct 

0.073 

0.07S 

H 

1298 

1S94 

Cu 

a  108 

a  124 

ihi 

6198 

59$ 

Cu 

a  019 

^ 

695 

Cu 

a092 

#» 

393 

Cii 

a  oil 

^ 

1192 

Carre  of  ETampIr  2 


6poiiite 

12poiiite 

lOpoiiite 

6pol&is 

12pol&is 

lOpoiiite 

Ci 

32.663 

32.678 

32.773 

*l 

3n4' 

3*2' 

3^22' 

C, 

1.623 

L798 

1.775 

h 

9198 

9292 

9391 

c» 

a566 

a  410 

0.507 

H 

4096 

5095 

5198 

c, 

0.160 

0.183 

h 

4393 

4493 

Ct 

a  179 

a  221 

h 

890 

698 

Cu 

a  121 

ai80 

*i\ 

792 

098 

Cu 

0.145 

4n 

2494 

Cu 

a064 

#u 

1694 

Ci, 

a  113 

*» 

590 

Carre  of : 

Example 

3 

6poiiite 

12poiiite 

lOpoiiite 

6poiais 

12poiiitf 

lOpoiiite 

Ci 

34.240 

33.194 

33.217 

lh 

2^50' 

1*42' 

1*36' 

Ci 

1.059 

L051 

0.970 

h 

8S98 

-098 

291 

Q 

1.653 

L680 

1.702 

H 

4293 

4092 

4197 

C 

a268 

a  218 

^ 

3491 

3893 

Q 

L619 

a355 

^ 

-492 

292 

Cu 

1.279 

a205 

*a 

1390 

1993 

Cu 

1.251 

4n 

398 

Cu 

L528 

#u 

1597 

Cn 

a  159 

*ti 

390 

out  by  taking  two  half  waves,  affect  all  the  analyses  in  nearly  the 
same  way,  especially  since  the  fundamental  ordinates  used  are  in 
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part  common  to  all  three  analyses.  Sudden  fluctuations  of  short 
duration  tend  to  give  spurious  values  for  the  higher  harmonics. 
Such  can,  however,  be  detected  by  repeating  the  anal3rses  using 
other  sets  of  ordinates,  as  shown  in  example  5  below. 

In  the  case  of  the  curve  of  Example  2,  the  analjrsis  from  six 
points  gives  a  very  satisfactory  d^[ree  of  accuracy  for  the  third 
and  fifth  harmonics,  but  the  amplitudes  of  the  seventh,  ninth 
and  eleventh  harmonics,  found  by  using  more  points,  are  greater 
than  in  some  cases  could  be  n^lected. 

In  the  case  of  the  curve  in  Example  3,  neither  the  6-point  nor 
the  i2-point  anal3rsis  is  sufBcient.  In  the  former  the  amplitude  of 
the  fundamental  and  the  phase  of  the  third  harmonic  are  consid- 
eraUy  in  error;  in  the  latter,  neglecting  the  thirteenth  and  fif- 
teenth harmonics,  gives  erroneous  values  for  the  ninth  and  eleventh 
harmonics. 

The  inadequacy  of  the  6-point  and  1 2-point  analyses,  in  Example 
3,  may  be  further  shown  by  calculating  the  values  of  the  ordinates 
of  points  not  used  in  the  analyses  for  comparison  with  the  actual 
values  taken  from  the  curve.  Thus,  from  tiie  schedules  of  Table  4, 
the  values  given  in  the  following  table  were  calculated.     The 

TABLE  9 

Calciilatgd  Values  of  Ordinates  of  Curve  in  Example  3  for  Points  not  Used 

in  the  Analyses 


Itpoiiite 

6poiiite 

12poiiite 

OldlMiM 

DIflw- 

OldlMiM 

Dttbr- 

OrM 

■HM 

DHh- 

0^ 

CtfCB- 

Mtd 

0^ 

Cidai- 
Mtd 

0^ 

Cidai- 
Mtd 

w 

7.55 

7.49 

+0.06 

15* 

7.55 

7.02 

+0.53 

10* 

4.6 

4.75 

-0.15 

45* 

21K 

25.03 

+ao2 

45* 

25.05 

23.99 

+1.06 

20* 

ia2 

9.61 

+as9 

75* 

29.95 

30.64 

-a  60 

75* 

29.95 

31.54 

-1.59 

40* 

22.25 

22.43 

-0.10 

105* 

21.0 

27.60 

+a32 

105* 

20.0 

30.45 

—2,45 

50* 

26.0 

27.00 

-a  20 

US* 

25.85 

2110 

+a25 

135* 

25.35 

26.50 

—LIS 

70* 

33.4 

30i91 

+2.49 

l«5* 

9.1 

9.00 

+0.02 

165* 

9.1 

0.57 

+0.53 

00* 

20.1 

3O1O6 

-2.76 

100* 

30.0 

30.00 

0 

110* 

20.4 

30.U 

— L72 

130* 

26.4 

20.37 

—1.97 

140* 

24.75 

22.63 

+2.U 

160* 

11.2 

11.97 

-^77 

170* 

6.3 

S.73 

+0LS7 
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phases  of  the  variotis  points  refer  to  the  same  origin  as  was  used 
in  the  analyses. 

With  the  exception  of  one  point,  the  calculated  and  actual  values 
of  these  ordinates,  using  the  i8-point  analysis,  are  in  satisfactory 
agreement;  the  deviations  in  the  case  of  the  6-point  and  12-point 
analysis  are,  however,  very  appreciable,  and  the  1 2-point  anal}rsis 
has  very  little  advantage  in  this  respect  over  the  6-point. 

The  deviations  were  also  calculated  for  the  curve  in  Example  2, 
but  were  not  greater  than  about  0.5  division  in  the  case  of  all  three 
analyses,  the  agreement  being  no  better  when  18  points  were  used 
than  with  only  6.  This  procedure  does  not,  therefore,  give  much 
information,  except  when  the  neglected  harmonics  are  of  relatively 
large  importance.  It  will  generally  be  found  that  a  decision  re- 
garding the  sufficiency  of  any  given  analysis  will  be  more  rapidly 
and  certainly  reached  by  carrying  through  another  analysis,  using 
the  same  schedule,  but  with  an  independent  set  of  ordinates. 

EZAMPLB  5.  ACCURACT  OP  RESULTS 

To  throw  light  on  the  question  as  to  what  precision  has  been 
reached  in  the  preceding  examples,  analyses  were  made  using  other 
sets  of  ordinates  than  those  on  which  these  examples  were  based. 
The  results  are  given  in  Table  10.  The  different  sets  of  ordinates 
are  distinguished  by  reference  to  the  relative  phases  of  yo  referred 
to  the  zero  points  of  the  preceding  analyses. 

TABLE  10 

Comparison  of  Results  of  Analyses  of  Same  Curves  Using  Different  Sets 

of  Ordinates 

CURVE  OF  EXAMPLE  1 


(r 

2' 

4* 

6' 

6* 

0* 

2- 

#• 

6' 

8' 

Ci 

32.616 

32.623 

32.607 

32.653 

32.622 

^ 

2*8' 

2V 

2«y 

1»S2' 

1*52' 

Ci 

a  151 

ant 

0.136 

0.061 

a  151 

*t 

2798 

2992 

3096 

1996 

4092 

c» 

a236 

0.260 

a  218 

a209 

0.270 

^ 

38.9 

36.1 

36\0 

34.7 

30'.3 
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TABLE   10— Continued 


©• 

Ci 

32.641 

Ci 

0.10t 

Cft 

0.291 

Cr 

0l085 

Ci 

0.073 

Ou 

OiUi 

4* 


•• 


32.i05 
0.028 
0l317 
0.122 
0lO74 
0. 


#1 


0* 


i*sy 

2f?S 

son 

30it 

12.8 
S.0 


1*46' 
33.3 

M.I 
27.9 
22.5 
12.7 


CURVE  OF  EXAMPLE  2 


U-fdoti 

mslyMs 

16-ftlBt  OliJlMS 

0* 

4* 

0* 

4* 

0* 

4* 

0* 

4* 

Ci 

32.678 

32.698 

#1 

3*2' 

2*99' 

Ci 

32.733 

32.600 

*i 

3*22' 

2*51' 

Ci 

L798 

L839 

H 

9292 

92?4 

Ct 

L775 

1.814 

H 

93?1 

9l*Ji 

Ci 

0l410 

0i346 

H 

90.5 

48.5 

Cft 

a907 

a401 

^ 

5198 

51.6 

Cr 

aiiO 

OlOSS 

*i 

43.3 

39.9 

Ct 

ai83 

0.061 

^ 

44.3 

44.6 

Ci 

oim 

a  137 

h 

8.0 

1.2 

Cf 

0.221 

0lO77 

H 

6.8 

2.1 

Cu 

am 

am 

^ 

7.2 

2.3 

Cu 

OilOO 

OlUM 

^ 

0.8 

2.6 

Cu 

0l145 

aoo6 

^ 

34.4 

28.2 

Cu 

a064 

0.020 

^ 

16.4 

30.3 

Cii 

a  113 

0.047 

itt 

10 

8.0 

CURVE  OF  EXAMPLE  3 


12«fdat( 

uuJym 

18^«|,« 

0* 

6* 

0* 

6' 

0* 

6^ 

0* 

6* 

Ci 

33.194 

33.187 

#1 

1*42' 

i*2r 

Ci 

33.217 

33.202 

#1 

1"36' 

1*36' 

Ci 

LOSl 

a972 

H 

-<i'JB 

999 

Ci 

aOTO 

L029 

H 

291 

396 

Ci 

L680 

L765 

H 

40.2 

4a8 

Ci 

1.702 

L692 

H 

41.7 

4014 

Cr 

a268 

a339 

*i 

34.1 

36.8 

c, 

a  218 

0.346 

^ 

38.3 

37.3 

Ci 

L619 

1.728 

h 

318 

9.0 

Ct 

0.395 

0.490 

^ 

2.2 

10 

Cu 

L279 

L801 

*a 

13.0 

24.6 

Cu 

0.209 

0.126 

4n 

19.3 

20l9 

Cu 

1.251 

1.275 

^ 

18 

15 

Cu 

1.528 

L907 

in 

117 

113 

• 

Cu 

0.199 

0.064 

in 

10 

17.8 

An  examination  of  the  table  shows  that  anal3rses  depending  on 
different  sets  of  ordinates  give  the  amplitudes  of  harmonics,  whose 
values  are  as  great  as  about  0.2  division,  with  a  very  fair  d^[ree  of 
accuracy,  both  as  regards  amplitude  and  phase.    Different  deter- 
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minations  of  hannonics  of  amplitudes  as  large  as  one  division  do 
not  differ  by  more  than  a  few  per  cent  in  amplitude  nor  more  than 
a  d^free  or  two  in  the  value  of  '^.  (The  accuracy  of  reading  of  the 
fundamental  ordinates  is  not  greater  than  about  o.i  division.) 
The  preceding  asstunes,  however,  that  a  sufficient  ntunber  of 
harmonics  have  been  included  in  the  anal}rsis.  In  the  case  of  the 
curve  of  Example  3  as  analyzed  by  the  12-point  schedule,  for 
instance,  the  effect  of  the  thirteenth  and  fifteenth  harmonics  is  dis- 
tributed between  the  three  highest  harmonics  included,  and  their 
values  are  different,  both  in  amplitude  and  phase  in  anal3rses 
using  different  sets  of  ordinates. 

In  answer  to  the  question  as  to  how  small  harmonics  in  the  above 
examples  have  been  proved  to  exist,  there  seems  to  be  reason  to 
believe  that,  in  some  cases,  the  analysis  has  located  with  some 
d^^ee  of  acctu-acy ,  harmonics  of  amplitude  as  small  as  o.  i  division 
which,  considering  that  this  is  about  the  order  of  errors  in  reading 
the  ordinates,  points  to  a  very  satisfactory  performance  of  the 
curve  tracer. 

BZAMPLB  6.  PRBDICnON  OP  PRBSBNCB  OP  HARMOmCS  PROM  THE 

APPBARAK CB  OP  THE  CURVE 

It  is  of  interest  to  consider,  in  the  case  of  distorted  waves,  how 
far  one  may  predict  from  the  appearance  of  the  curves  what  impor- 
tant harmonics  are  present.  Provided  only  one  harmonic  is 
present  to  a  notable  extent,  its  presence  is  manifested  by  a  wavi- 
ness  of  the  curve,  and  the  number  of  the  crests  and  troughs  per 
half  wave  of  the  fundamental  will  be  equal  to  the  order  of  the  har- 
monic. When,  however,  more  than  one  harmonic  is  important,  it 
will  not,  in  general,  be  possible  to  locate  them  all  by  counting 
the  crests  and  troughs  superposed  on  the  fundamental. 

As  an  example,  we  may  take  the  curve  of  Example  3  (Curve  A, 
Fig.  3) .  Fifteen  maxima  and  minima  (of  very  different  amplitudes 
it  is  true)  may  be  counted  in  each  half  wave  of  the  curve.  However, 
analysis  has  already  shown  that  not  only  is  the  fifteenth  har- 
monic prominent,  but  also  the  thirteenth,  third,  and  fifth,  to  about 
an  equal  extent,  while  the  amplitudes  of  the  seventh,  ninth,  and 
eleventh  are  by  no  means  n^ligible.  It  is  interesting  to  study 
how  these  various  harmonics  combine  in  their  effects  to  produce 
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tbe  observed  distortion  (rf  the  wave.    la  Fig.  3  is  plotted  in  dashed 

lines  the  fundamental  wave  given  by  the  anal3rais.    In  Fig.  4 

the  curve  A  shows  the 

deviations    of  the  dis- 

3  ^    torted  wave  from  the 

.3-    fundamental  given   by 

-  the  analysis,  as  a  fnnc- 

^  s    tion  of  the  phase,  re- 

8    ferred  to  the  aitutraiy 

a  g'    origin  of  the  analysis. 

*    This  origin  lies   about 

1  1^    i^.e  to  the  left  of  the 
g                   .|     zeroof  thefundamentaL 

I  The    dotted  curves   in 

8  I  Fig.  4  show  graphically 

i  «  the      amplitudes      and 

p  '!  phases  of  the  third,  fifth, 

g  I  thirteenth,  and  fifteenth 

I  harmonics  given  by  the 

g  _  analysis.     The  plotting 

'I  of  these  waves  is  an  easy 

2  J  matter,  since  for  those  i^ 
C.  the  higher  frequencies. 
s  little  needs  to  be  done 

S  <|i    except toindicatethepo- 

^    sition  of  the  zero  points 
S  1     and  maTfima  and  min- 

^    ima,  the  rest  of  the  curve 
.1'    being    drawn    in    free 
SI  J     hand.    The  curve  B  de- 

3     fined  by  the  little  circles 
^  ^    is  the  resultant  of  the 

\     waves  of  the  third,  fifth, 
~  T     thirteenth,  and  fifteenth 

a  ^    harmonics.    The  period 

of  the  ripples  lies  some- 
where between  that  of 
the  thirteenth  and  fifteenth  hannonics.    The  small  deviations  of 
the  actual  ciu've  from  this  resultant  curve  may  be  shown  to  be 
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reduced  practically  to  zero  when  the  remaining  harmonics  are  taken 
into  consideration.  These  have  been  omitted  for  the  sake  of  clear- 
ness, but  the  curves  of  the  seventh  and  ninth  harmonics,  together 
with  their  resultant,  C,  are  drawn  in  the  lower  part  of  the  figure. 
K  the  ordinates  of  curve  C  are  added  to  those  of  curve  B  the 
restdting  curve  agrees  very  closely  with  the  actual  cmve  A. 

This  example  shows,  therefore,  that  in  many  cases  it  is  not 
possible  to  tell  from  the  appearance  of  the  curve  what  harmonics 
are  present.  In  the  present  instance,  from  the  number  of  ripples 
the  presence  of  the  fifteenth  harmonic  only  could  be  predicted 
with  certainty,  while  the  almost  equally  important  thirteenth  and 
the  still  greater  fifth  harmonics  would  not  be  included.  Naturally, 
however,  the  varying  height  of  the  different  troughs  and  crests 
would  lead  one  to  suspect  more  than  one  harmonic. 

EXAMPLE   7.   BADLT  DISTORTED   CURVES— INFLUENCE  OF  CAPACITT 

AND  INDUCTANCE 

In  the  curves  considered  in  the  previous  examples,  the  curves, 
although  by  no  means  closely  approaching  pure  sine  curves  in 
character,  are  very  far  from  showing  the  irregularities  in  wave 
form  which  often  occur  in  circuits  containing  capacity.  The 
curve  B  of  Fig.  5  shows  the  current  through  a  capacity  of  nine 
microfarads.  The  emf  impressed  on  the  condensers  (and  a  resist- 
ance of  0.7  ohm  joined  in  series  for  drawing  the  curve)  is  curve  A 
of  the  same  figure. 

Analysis  of  the  current  curve  by  means  of  the  i8-point  schedule 
gives  the  following  values  of  the  amplitudes  and  phases  of  the 
components : 


Cj  -=22.84 

^,  - 

0 

-81.7 

Values  reduced 
to  emf. 

Ca  =    2.  28 

^. - 

+  38-3 

I.  17 

C,  =     7.  22 

4'.' 

30.5 

2.  21 

C7  -11.48 

4'i' 

8.0 

2.53 

C9  -  I. 51 

4>*- 

10.8 

0.  26 

Cu=  7- 17 

1^11  = 

27.9 

I. 00 

Cia  -   0.  28 

^i«- 

13.0 

0.03 

Cu-  0.85 

^1.- 

16.8 

0.09 

Ci7  ■■  0. 66 

'Pn- 

1.3 

0.06 
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On  calculating  the  deviations  of  this  curve  from  the  actual,  using 
the  scheme  of  calculation  in  Table  4  for  this  purpose,  it  was  found 
that  the  departtire  is  on  the  average  not  greater  than  about  one 
division,  an  agreement  which  is  to  be  regarded  as  satisfactory 
when  the  extreme  steepness  of  the  curve  in  some  parts  of  its  coturse 
is  considered.    Analysis  of  the  emf  wave  gave 


0 

C,  =35- 01 

0x    = 

-     2.  I 

Cs  =  0. 99 

0.    = 

+  58.2 

C5  =    1.90 

0s  = 

38.3 

C7  =    1.93 

^7    = 

12.  2 

Cg     =      0.09 

0.    - 

II.  2 

Cu=    0.45 

^U  = 

26.4 

C,a=    0.  18 

V'ls- 

13- 5 

Ci5  =     0.  08 

^^16  = 

4.0 

C,7=     0.03 

^17  = 

20.5 

In  a  circuit  containing  capacity,  but  in  which  the  resistance  is 
negligible,  the  harmonics  in  the  emf.  wave  are  magnified  in  the 
current  wave  in  proportion  to  the  order  of  the  harmonic.  To 
test  the  accuracy  of  this  relation  in  the  case  of  the  curves  just 
given,  the  third  column  in  the  results  of  the  analysis  of  the  current 
curve  given  above,  the  column  designated  as  ''values  reduced  to 
einf., ' '  was  obtained  by  mtdtipl)Hmg  each  harmonic  in  the  current 

wave  by  the  ratio  of  the  fundamentals  (  ^  '     j  and  dividing  by  the 

order  of  the  harmonic  in  question.  The  general  qualitative  agree- 
ment of  these  calculated  values  with  the  harmonics  of  the  emf 
wave  is  perhaps  as  good  as  could  be  expected  when  it  is  remembered 
that  in  addition  to  the  0.7  ohm  the  rest  of  the  circuit  was  not  of 
negligible  resistance. 

The  same  generator  when  run  on  an  inductive  load  gave  an 
emf.  curve  B,  Fig.  i,  which  yielded  on  analysis 
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C,  -33-96 

A  - 

0 
—    I.O 

C,  -  0.34 

^. - 

+60.6 

C,  -  0. 93 

^. . 

35-9 

C,  -  0.  75 

^,  ^ 

50.8 

C,  —  0. 14 

^. - 

1.0 

C„-   1.50 

^11- 

16.5 

C„-  0.27 

^u- 

4-7 

Ci,  —  0.08 

^u- 

20.  7 

C„=»  0.09 

^IT- 

18.0 

The  armature  has  1 2  slots  per  cycle. 

Not  only  is  the  shape  of  the  curve  very  different  from  that 
given  on  a  capacity  load,  curve  A,  Fig.  5,  but,  whereas  in  the  latter 
case  the  third,  fifth,  and  seventh  harmonics  were  present  to  a 
marked  d^^ree,  the  eleventh  harmonic  is  most  prominent  on  induc- 
tive load.  This  gives  a  very  striking  illustration  of  the  effects  of 
armature  reactions. 

The  current  in  the  inductive  circuit,  curve  A,  Fig.  i,  has  abeady 
been  analyzed  and  discussed  in  Example  i.  The  results  show 
that  the  effect  of  inductance  is  to  smooth  out  the  harmonics  in  the 
emf .  to  an  extent  which  is  proportional  to  the  order  of  the  harmonic. 
For  a  more  accurate  experimental  verification  of  this  principle,  the 
reader  is  referred  to  an  article  in  this  Bulletin." 

TABLE  11 

Showing  Relative  Values  of  the  Harmonics  to  Form  tiie  Crests  and 

Troughs  of  the  Curves  in  Example  7 

CONDENSER  CURRENT 


Crtft  tr  tmtch 

Hamonlcs 

Sam 

OltMmd 

3 

5 

7 

11 

dMfalttM 

LO 
1.6 
12 

a? 

-1.3 

-2.2 

-2.0 

-0.7 

1.2 

2.2 

1.0 

-3.6 

-6.2 

-6.0 

6.5 

1.7 

-6.6 
-7.1 

-a  7 

r.i 

-1.0 

-6»4 

3.6 

-  5.0 
-10.2 

11.0 

-ia4 

0.0 

9.0 

S.0 

-11.3 

10.4 

-  4.8 

-3.6 

5.0 
-2.2 

6.9 
-5.0 

5.0 
-3.5 

2.7 
-5.0 

6.9 
-4.8 

-  16 

-  4.6 
-16.2 

211 
-15.0 

-  3.8 

-  3.6 
6.3 

-  ao 

18.5 
-15.0 

—  13 

—  4^0 

—112 

24.8 

—14.8 

-  14 

—  4.1 

6.4 

—  7.3 

110 

-115 
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TABLE  11— Continued 

CONDENSER  ELECTROMOnVE  FORCE 


605 


GnAortroogh 

H«n«ae. 

Sum 

ObMffVMl 

3 

s 

7 

ddriatloii 

•  ..., 

-a  6 
-a  9 
-as 
a7 
as 
-a  7 
-1.0 

-1.4 
-a  6 

LO 

a7 
-1.4 

L7 
-1.0 

a4 
1.1 

-L3 
LS 

-L9 
L7 

-L9 

-L6 

-a  4 
-as 

3.2 
-2,7 

2.7 
-3.9 

-2.2 

b 

-a  7 

c 

— 1.S 

d 

3.2 

e 

-2.2 

1 

3.4 

m.. 

—4.4 

INDUCTIVE  ELECTROMOTIVE  FORCE 


Graft  tr  tmtch 

Sum 

ObMffVMl 

3 

s 

7 

11 

dflvlatioii 

-a  2 

-as 

-a  4 

ao 

a2 

a4 

as 

ao 

-as 

-as 

-ai 

1    III    II 
ppppppppppp 

as 
a  3 

-a  7 
ae 

-as 

-a  7 
ao 
as 

-a  7 
ao 

-a  7 

-1.S 

1.3 
-1.3 

1.4 
-1.1 

1.3 

-L2 
L4 

-L4 
L4 

-1.4 

-1.7 

as 
-2.2 

2.9 

-L7 

ai 

-L4 

2.7 

-2.1 

a4 

-1.7 

-LS 

0.0 

-2.4 

2.3 

-2.1 

ao 

-L4 

. 

2.3 

J 

-2.4 

k 

ao 

1 

-L6 

It  is  of  interest,  in  the  case  of  each  of  these  curves,  to  see  how 
the  shape  of  the  curve  depends  on  the  principal  harmonics  present. 
In  each  case  the  fundamental  component,  derived  by  the  analysis, 
is  plotted  in  the  figure  as  a  dashed  sine  curve.  Table  1 1  shows  to 
what  harmonics  each  trough  and  crest  is  due.  For  purposes  of 
identification,  these  have  been  lettered.  In  the  table  are  given  the 
values  of  the  harmonic  components  at  the  points  in  question,  as 
derived  from  a  plot  of  the  results  of  the  analysis,  together  with 
their  resultant  (algebraic  sum).  For  comparison  there  are 
appended  the  actual  measured  deviations  of  the  curve  from  the 
fundamental  given  by  the  analjrsis  (the  dashed  sine  curve) .  No 
attempt  was  made  to  obtain  an  accurate  comparison,  the  table 
being  given  for  purposes  of  orientation  only. 
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BXAMPLB  8.  RBSONAHCB  OF  A  PARTICULAR  HARM OKIC 

It  sometimes  happens  that  the  inductance  and  capacity  are  of 
such  values  as  to  give  resonance  for  some  particular  harmonic  of 
the  emf.  wave.  The  curve  A,  Fig.  6,  is  an  emf.  wave  taken  from 
the  same  machine  as  in  Example  3.  The  thirteenth  and  fifteenth 
harmonics  are  appreciable,  amotmting  to  about  3.8  per  cent  and 
4.6  per  cent  of  the  fundamental,  respectively.  In  this  particular 
case  it  was  found  that  on  joining  a  Siemens  d3mamometer  in  the 
circuit  to  measure  the  current  through  a  small  capacity,  the  current 
indicated  by  the  d3mamometer  was  much  larger  than  was  expected 
from  the  known  approximate  value  of  the  capacity.  On  drawing 
the  current  curve,  the  wave  form  was  found  to  be  that  of  curve  B; 
the  higher  harmonics  are  seen  at  a  glance  to  be  very  prominent. 
Analysis  gave  the  following  results : 


c,  -1.57 

^,  - 

-88.1 

C,  -0.51 

^.  - 

—  0. 1 

C,  -0.  23 

Cj   —1.  21 

C,  -0.48 

-  70 

32- 6 
9.8 

C"„-i.75 

C„  — I.  21 

21.7 
14.6 

C„-4-94 
C,7-o.  63 

3-1 
-3-3 

All  the  harmonics  included  in  the  anal3rsis  are  appreciable,  the 
seventh,  eleventh,  and  thirteenth  being  of  the  same  order  of  mag- 
nitude as  the  fundamental,  while  the  fifteenth  harmonic  has  an 
amplitude  of  more  than  three  times  that  of  the  fundamental,  the 
condition  of  resonance  being  most  completely  realized  for  this 
harmonic.  In  fact,  if  the  components  be  plotted,  it  is  found  that 
the  successive  maxima  and  minima  of  the  curve  coincide  almost 
exactly  with  those  of  the  fifteenth  harmonic,  although  the  remain- 
ing component  waves  influence  the  actual  values  of  these  maxima 
and  tninim^t  to  an  extent  which  varies  according  as  they  act  in 
conjunction  or  opposition. 
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The  phases  are  referred  to  an  origm  taken  arbitrarily  at  the 
extreme  left-hand  point  of  the  current  wave.  The  emf  wave  does 
not  seem  to  have  been  drawn  in  the  proper  phase  relation  with  the 
current  curve. 

In  such  cases  as  those  in  which  resonance  renders  abnormally 
prominent  some  harmonic  of  an  order  higher  than  is  included  in 
the  foregoing  schedules  of  analysis,  it  is  not  difficult  to  derive  a 
scheme  of  analysis  for  the  single  harmonic  in  question,  according 
to  the  principles  ah-eady  laid  down. 

V.  FURTHER  APPLICATIONS 

1.  CALCULATION  OF  THB  AVERAGE  AND  EFFECTIVE  TALUES  OF  BLBC- 

TROMOnVE  FORCE  AND  CURRENT  CURVES 

It  is  customary  to  define  the  average  value  of  an  emf  or  current 
wave  as  the  average  ordinate  of  one  loop  of  the  curve  (either 
positive  or  n^;ative);  since  the  positive  and  n^;ative  loops  are 
alike  the  average  of  the  ordinates  throughout  a  complete  period 
is  zero.  In  the  case  of  very  distorted  waves,  asffor  instance,  that 
of  the  condenser  current,  Pig.  5,  it  is  difficult,  if  not  impossible,  to 
state  where  is  the  beginning  of  a  loop.  The  usual  custom  of  taking 
as  the  beginning  of  the  loop  the  point  where  the  curve  passes 
through  zero,  evidently  becomes  inapplicable  when  the  curve  is 
constantly  oscillating  between  positive  and  n^;ative  values.  The 
average  value  of  an  emf.  or  current  wave  is  consequently  a  quantity 
which  depends  on  the  choice  of  origin  of  phase  differences,  and  it  is 
difficult  to  define  it  in  such  a  way  as  to  include  the  customary 
rather  special  definition  of  this  quantity.  In  what  follows  the  aver- 
age value  of  an  emf.  or  current  wave  will  be  defined  as  the  average 
ordinate  of  one-half  wave,  counting  phase  differences  from  the  zero 
of  the  fundamental  as  origin.  This  definition  does  not  give  quite 
the  same  value  as  that  found  by  taking  as  origin  the  point  (in  the 
case  of  only  slightly  distorted  waves)  where  the  curve  crosses  the 
axis,  but  the  difference  will,  in  general,  be  found  small. 

With  this  tmderstanding,  and  writing  for  the  equation  of  the 
wave 


£i  sin  Y^ + ^8  sin  [3^^  j/  -  /8,]  + 
+Ensia[ril-7pJt-/3n]+  .  .  . 
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the  average  value  e  is  defined  by  the  expression 

6-^£,psiny^^d^+£,psin(3^/-^^^^      .  .  . 
+En[hm{n^t^/3^)dt+  .  .  .  ] 

where  T  is  the  period  of  the  fundamental. 
We  have,  therefore,  to  evaluate  the  general  integral 

T 
which  is  easily  found  to  be  equal  to  —  cos  Ai,  so  that  the  final  ex- 
pression for  the  average  value  is 

^^S^V^^sA.  (14) 

where  A = n(^»  -  '^) 

and  '^n  has  the  same  meaning  as  in  equaticm  (13). 

The  roo/ mean  ^^fiore  or  e^ec^ii^  value  is  involved  in  no  such  ambi-     * 
guity  as  the  a^verage  value,  being  entirely  independent  of  what 
point  is  chosen  as  origin.    Writing  the  equation  of  the  curve  in 
the  form 

e-Ei  sin(Y^^-(?ij+EaSin(3Y^^-(?,j+  .  .  . 
+  E«sin(n-=^^-ftbW   .  .  . 
we  have  for  the  square  of  the  instantaneous  value 

e»-£,»sin»fe-<?,)+£a'sin»(3y^^--<».)+  •  •  • 

+En'sm'(nYt-0n^+   .  .  . 
+  2E^Ensinl'^t-0Asin(n-^t-Onj+  .  .  . 
+  2EJEnsin(sY^t-0Asm(n-^t-0nf+  .  .  . 
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and   the    square   of   the   eflfective  value  will  be   E»=^|  e^dt. 

The  integrals  of  the  form  I  sin  (m^^~d«jsin(n^if-(9«  U^  are 
easily  seen  to  be  each  separately  equal  to  zero,  so  that  there  remain 
only  integrals  of  the  general  form    I  sinM  n^/-d«  kft,  which, 

using  the  relation    I  sin*  xrfx- ,  are  found  to  give 

T 
merely  the  term  —  so  that  we  have  the  simple  expression 

E»-i(£:,»+£,»+   .  .  .     +£,»+   .  .  .)  (15) 

2.  CALCULATION  OF  THB  AVERAOE  POWBR  IN  A  CIRCUIT 

The  average  power  in  a  circuit  is  found  by  taking  the  average 
of  the  values  of  the  instantaneous  power  {ex)  through  an  entire 
period.  This  may,  of  course,  be  calculated  by  measuring  a  suffi- 
cient number  of  ordinates  of  the  emf  and  current  curves,  and  by 
forming  the  products  of  corresponding  values  of  the  ordinates  of 
the  two  waves.  The  average  power  may,  however,  be  much  more 
readily  and  more  accurately  calculated  from  the  results  of  an  anal- 
ysis of  the  current  and  emf  waves.    Writing  as  usual 

e-Ej  sin  f  y/-(?ij  +  E,  sin  f  3  jr/-(?3J+   .  .  . 
+  E»  sinf  n^/-d„j+   .  .  . 

t-/,  sin(-^/-SiJ4-/ssin(3y^-0+   .  .  . 
+/»sin^n-,^-S»j+   .  .  . 
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the  instantaneous  power  is  given  by 


ei-^EJ^  sin(  Y^<-dijsin(y^/-Sij 
+ £3/.  sin  (3^^  -  ^3)  sin  (3^ ^  -  S,) 
+£,/,  sin  (y^-^'x)  sin  (s^^-S.) 
E,/»  sin  f  jt/ -^1  j  sin  f  n^^ -S„  j 


+ 


4-    .   . 


£,/,  sin  (^3^^  -  eA  sin  ^y^^  -  S  J 

+£3/.sin(3y^/-d,)sin(5Y^-«.)+   •  •  • 

and  the  average  power  is  found  by  performing  the  integration  of 
this  expression  between  the  limits  zero  and  T,  and  by  then 
dividing    the    result    by     T.    The    integrals    of    the    form 

I  sinl  niY^t- 0m J  sin  (n-Yt-^^jdt  are  aU  separately  equal  to 
zero.    The  remaining  integrals  are  of  the  form 

I    sin  (  n-j^t  - 0nj sin ( tty^  - Jw  W - 

^Tcos  (<?«-«b) -cos  J2ny^/-(<?.+«b)}]* 

which,  since  I  cos  I  2n^^t  -  (fin  +  im)  p  -zero  are  seen  to  give  the 
final  expression  for  the  average  power 


(16) 


P  =  ^[£,Acosi(d»-S,)+£3/,cos(<?a-«,)+  ...  +EJnCOS{0n-B^)] 

=-[Ei/iCOS9i4-£,/3COS9,+   .  .  .   '\-EJnCOs^+  •      •  ] 

where  ^  is  the  angle  of  phase  difference  between  the  harmonic  emf . 
of  n  times  the  frequency  of  the  fundamental  and  the  current  com- 
ponent of  the  same  frequency.  This  equation  expresses  the  well- 
known  fact  that  on  the  average  electromotive  forces  and  currents 
of  different  frequencies  add  nothing  to  the  power  of  a  circuit. 
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The  power  factor  of  a  circuit,  in  which  the  emf  and  current 
may  have  any  wave  form  whatever,  is  defined  as  the  ratio  of  the 
average  power  to  the  product  of  the  effective  emf.  by  the  effective 
current.  In  the  case  of  pure  sine  waves  it  is  equal  to  the  cosine 
of  the  phase  difference  between  the  emf.  and  the  current;  in  the 
case  of  distorted  waves,  the  power  factor  may  be  designated  as  the 
cosine  of  an  angle,  which  we  may  call  the  effective  phase  difference, 
an  angle  which  has  no  physical  existence,  but  which  is  equal  to 
the  phase  difference  which  would  have  to  exist  between  two  sine 
waves  having,  respectively,  the  same  effective  values  as  the  emf. 
and  current,  and  developing  the  same  average  power  as  the  actual 
emf.  and  current. 

We  thus  see  that  if  the  results  of  the  analysis  of  the  emf.  and 
current  curves  in  a  circuit  are  at  hand,  it  is  an  easy  matter  to  calcu- 
late the  average  and  effective  values  of  the  emf  and  current,  the 
form  factor,  the  average  power,  the  power  factor,  and  the  effective 
phase  difference  between  the  emf.  and  the  current.  Of  these  quan- 
tities, some  may  be  calctdated  from  the  curves,  by  measuring  a 
sufiBcient  number  of  ordinates,  and  forming  the  averages  of  their 
squares  and  products.  The  average  values  of  emf.  and  current 
(and  therefore  their  form  factors)  can  not,  however,  be  accurately 
found  without  having  analyzed  the  curves  (in  the  case  of  very 
distorted  waves  an  anal3r!ns  is  absolutely  essential),  and  all  the 
above  quantities  may  be  found  more  accurately  and  more  expe- 
ditiously from  the  analysis  than  from  the  laborious  method  of 
working  from  a  large  number  of  meastired  ordinates.  Numerical 
examples  of  the  use  of  formulas  (14),  (15),  and  (16)  will  be  given 
below  in  Examples  9,  10,  and  11. 

3.  DBRIVATION  OF  THB  BQUATIONS  OF  POWER  CURVES 

The  equation  of  the  curve  showing  the  instantaneous  power 
during  the  cycle  follows  without  difSculty  from  the  equations  of 
the  emf.  and  current  curves. 

Writing 

e-£isin(/>^-fli)H-Easin(3/>^+^,)H-  .  .  .    '\-Ensm(npt-0n)'h  ... 
»-/,  sin  (/><-«,)+/,  sin  (3/><-S,)+  .  .  .     +  h  an  (npt  -  B»)  +  ... 
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we  have  for  the  power 

ei^EJ^^ipt-e;) sin {pt-h^)  ^-EJ^^nipt-Oi)  sin {npt-K)  +  . . . 

EJ^  sin  {zpt-e;^  sin  (/>^-Si)+   .  .  . 
+£:,/»sin  (3/>^-d,)  sin  (n/>^-5b)H-   .  .  .  /    n 

EJ^  sin   {npt-0n)    {pt-B^)+  .  .  . 
+E»/«  sin  (npt-On)  sin  {npt-K)  +   .  .  . 

Using  the  relation  2  sin  %  sin  y— cos  {x-y)—cos  {x-k-y)  the 
equation  (17)  falls  into  the  following 

2ei^EJ^  cos  (8i-^i)  -f  i5/,  cos  (Ss-^s)  +  .  •  . 

-{-EJln  cos  (3^-^J  -f  .  .  . 
+ terms  involving  the  cosines  of  even  multiples  of  pt. 

The  first  line  of  the  preceding  equation  gives  the  average  power, 
as  has  already  been  shown.  The  cosine  terms  are  of  the  form 
Pn  cos  [2npt  —  flf J,  Qn  COS  [2npt  —  aj  etc.  These  terms  can  be  sim- 
plified by  using  the  relation 

Mjcos  («— flfJ+M,  cos  («— Of,) -f  M,  cos  («— Of,)  4-  •  •  •     /      v 

-JVsin(«-7)  ^'^^^ 

where 

N*  =»  (Af J  sin  ofj  +M^  sin  cc^  +  M,  sin  a^  +...)•  -f  (M ^  cos  a^ 

+M,  cos  a^+M,  cos  a^+  .  .  .)• 
and 

—  (Mt  cos  flf^-f  M3C0S  flf^+M,  cos  oTg-f  .  .  .) 

'^"     (Misinflfj+M,  sina,+Af,  sinflf,+   .  .  .) 
The  equation  for  the  power  then  reads 


2ei^2P-^EJ^  cos  (Sj-^O+EAcos  (8,-^8)+  •  •  • 

+E»/«cos(5b -<?«)+  .  .  . 
+N^  sin  (2pt-yi)  H- JV,  sin  (4/>/  -7j) 
+iV,sin(6/>^-73)+  .  .  . 


(18) 


This  procedure  will  be  illustrated  by  Example  12,  below.  In 
those  cases  where  the  higher  harmonics  in  both  the  current  and 
emf .  wave  are  not  negligible,  the  number  of  terms  which  must  be 
included  in  equation  (17)  becomes  large,  and  the  method  becomes 
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more  laborious.  In  such  a  case  it  may  often  be  easier  to  form  the 
products  of  the  ordinates  used  in  the  analysis  of  the  emf  and  cur- 
rent curves,  and  carry  through  the  analysis  of  the  power  curve  using 
the  schedules  for  the  analysis  of  curves  in  which  even  harmonics 
are  included.  (See  Appendix  B.)  Both  methods  are  illustrated 
in  Example  I3,  and  are  seen  to  give  essentially  the  same  equation, 
as  should  be  the  case. 

4.  RBSOLUTION  OF  THB  POWER  CURVB  mTO  TWO  COMPOHBHTS. 

It  is  often  of  interest  to  resolve  the  power  curve  into  two 
components,  one  representing  the  power  lost  in  the  circuit  in 
such  ways  as  in  heating  a  resistance,  in  iron  losses,  or  in  dielec- 
tric losses,  and  a  second  showing  the  rate  at  which  energy  is 
alternately  stored  in  and  recovered  from  the  magnetic  field  or  the 
dielectric.  The  average  value  of  the  power  dissipated  is  EI  cos  ^, 
where  E  and  /  are,  respectively,  the  effective  values  of  the  emf 
and  the  current,  and  cos  ^  is  the  power  factor,  the  angle  ^  being  in 
the  case  of  sine  waves  the  angle  of  phase  difference  betwe^i  the 
emf.  and  the  current. 

In  the  case  of  sine  waves  it  is  mathematically  the  same,  as  far 
as  the  value  of  the  average  power  is  concerned,  whether  we  resolve 
the  emf.  into  two  components  E  cos  ^  and  E  sin  ^,  respectively  in 
phase  and  in  quadrature  with  the  current,  and  take  the  products  of 
these  components  with  the  current,  or  whether  we  consider  the 
components  of  the  power  to  be  the  result  of  taking  the  products 
of  the  emf.  with  the  two  currents  /  cos  ^  and  /  sin  ^,  found  by 
resolving  the  current  along  the  emf.  vector  and  at  right  angles  to 
it,  respectively. 

Thus,  it  is  customary  to  speak  of  the  power  and  wattless  compo- 
nents of  the  current  as  well  as  of  the  corresponding  quantities  for 
the  emf.  Logically,  however,  it  does  not  seem  to  be  correct  to 
speak  of  a  wattless  component  of  the  current,  since  in  the  power 
loss  /V ,  not  only  the  **  power  "  component  /  cos  ^,  but  also  the  com- 
ponent /  sin  ^  of  the  current  enters.  Further,  it  is  easy  to  show 
that  of  these  two  methods  of  resolution  only  that  where  the  emf.  is 
split  up  into  power  and  wattless  components  gives  a  correct  picture 
of  the  facts  of  the  case.     However,  since  it  is  very  often  conven- 
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ient  to  make  tise  of  the  conceptions  of  the  "  power  "  and  "  wattless  " 
components  of  the  current,  as  defined  above  (as,  for  example,  in  the 
usual  treatment  of  the  theory  of  the  magnetizing  current  of  a  trans- 
former), both  methods  will  be  treated  below,  after  we  have  first 
considered  wherein  the  two  methods  of  treatment  differ. 

Assuming  the  emf  and  current  to  vary  according  to  a  simple 
sine  law,  we  may  put  for  the  instantaneous  values  of  emf  and 
current 

and  the  instantaneous  value  of  the  power  is  given  by 

ei^-EI  [cos  ^— cos  (2pt—<l>)]  (19) 

The  average  value  of  the  second  term  is  zero;  the  first  term 
gives  the  usual  expression  for  the  average  value  of  the  power,  i.  e., 
the  average  value  of  the  power  dissipated. 

Let  us  consider  the  case  of  an  inductive  circuit;  entirely  similar 
relations  follow  if  capacity  is  also  assumed  to  be  present.  Resolv- 
ing the  emf.  into  two  components,  e^  and  e„  respectively  in  phase 
with  the  current,  and  90^  ahead  of  it  in  phase,  we  may  write 


and  thence, 


ei-Ecos^sin  (/>/-^)  ,    . 

e,=Esin  ^cos  (/>^-^)  ^    ^ 

e^i = -EI  cos  ^  [i  —  cos  (2pt  —  2^)] 

I  *  (21) 

e,*  -  -EI  sin  4>  sin  {2pt  —  2^) 

The  sum  of  these  two  component  power  curves  gives  the  same 
expression  for  the  total  power  as  in  equation  (19). 

If  we  resolve  the  current  into  two  components,  i^  and  i„  respec- 
tively in  phase  with  the  emf  and  90^  behind  it  in  phase,  we  find 


89430^ — 13 10 


ii'^I  cos^siapt 

i,--/sin^cos/>/  ^"^ 
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and,  accordingly 

Hi  "-EI  cos  ^i  —cos  2pt] 

\  (23) 

et,  -  -EI  sin  ^  sin  2pt 

The  sum  of  these  two  components  gives  tile  same  equation  (19) 
for  the  total  power  as  before. 
The  power  equation  for  an  inductive  circuit  may  be  written 


et -/?»»  + 


U^^)  <=^) 


the  first  term  giving  the  rate  at  which  energy  is  being  dissipated, 
the  second  term  the  rate  at  which  the  kinetic  energy  of  the  current 
is  being  changed. 
Substituting  the  value  of  i  from  (i8a),  we  find 

Ri^  -  ^-PR  [i  -cos  (apt -  2^)] 
--£/cos^i  —cos  (2^/  — 2^)] 

since  the  equation  /  *  n  cos  ^  exists  between  the  mayimnm  values 

of  current  and  emf . 
The  second  term  gives 

\^{Li!)"\LpP^m{2pt^2^) 

^  ^  ^  •  (26) 

-  -EI  sin  ^  sin  {2pi  —  2^) 

since  Lpl^E  sin  ^. 

The  two  component  curves  of  instantaneous  power  in  equation 
(21),  found  by  resolving  the  emf.  into  an  in-phase  component 
and  a  quadrature  component,  with  respect  to  the  current,  are  thus 
seen  to  represent  correctly  at  every  instant,  the  values  of  the  power 
expended  in  Joule  heat  and  the  power  stored  in  the  magnetic 
field,  equations  (25)  and  (26). 
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If  we  now  substitute  the  relation  i  =  ij  +  i,  in  (24) ,  the  power 
equation  may  be  written 

!-!/•«.     •  •    .  •  •s  .  r  /  •  dii  .  .  du  .  .  rfij  .  .  dti\       f    . 
«=/?(t.»  +  2M,  +  t,»)  +Z|».^+t,_»+t._'+t,^j       (27) 

and,  using  the  values  of  t,  and  i,  from  (22),  it  is  easy  to  show 
that  the  two  components  of  the  power  ei^  and  ei^  in  equation  (23) 

are  given  by  the  two  sums  of  terms  Riji^^-i^)  "^^(*iT^'"*"^»"i5) 

and   2Riy}^-\'L\iir^^-i^-^\  respectively,  which   together   make 

up  (27). 

*  dit  dif 

Remembering  that  the  phases  of  -^  and  -^  are  90®  ahead  of  tj 

and  t,,  respectively,  it  appears  that  the  first  series  of  terms  consists 
of  products  of  pairs  of  in-phase  quantities,  while  the  second 
series  consists  of  products  of  quantities  in  quadrature  with  one 
another.  The  separation  of  those  terms  in  the  equation  of  the 
power  which,  on  the  average,  contribute  to  the  average  power, 
from  those  terms  whose  average  value  taken  over  tibe  cycle 
is  zero,  is  therefore  correctly  carried  out,  but  this  resolution  of 
the' current  must  nevertheless  be  regarded  as  artificial  rather 
than  as  representing  the  actual  physical  relations. 

Passing  to  the  consideration  of  nonharmonic  waves,  let  us 
write,  as  before, 

e-£,sin(/>/-tf0+£ssin(3/>/-tf3)+£:,sin(5/>/-tf5)+  •  •  •  ,  gx 
♦  -A sin (/>/-«,)  + /.sin (3/>/-S3)  +  /, sin (5/>/-a^+  .  .  .  ^^  ^ 

Remembering  that  the  product  of  any  harmonic  of  the  emf 
wave  by  any  harmonic  of  di£ferent  frequency  in  the  current  wave 
contributes  nothing  to  the  average  value  of  the  power  taken 
over  the  cycle,  it  is  logical  to  write  for  the  power  and  wattless 
components  of  the  emf  the  following  equations  of  definition 

ei-£,cos(S,-^i)sin(/>/-S,)+£BCOs(S8-*3)sin(3/>/-S3)+   .  .  . 

(29) 
e,»£,sin(«,-«,)cos(/>/-«J+£3sm(a3-«3)cos(3/>/-S3)+  .  .  . 
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For  the  components  of  the  current  in  phase  and  in  quadrature 
with  the  emf ,  we  have  the  similar  equations 

»i  - /i  cos  («, -d,)  sin  (/>^-*i)+/, cos  (8,-^3)  sin  (3/>/-dJ+  .  .  . 

(30) 
-t,-/|Sin(S|-di)cos(/>^-di)+/,sin(S,-«3)cos(3^/-dJ+  .  .  . 

If  the  harmonics  Ej,  £„  .  .  .  and  /i,  /,,...  of  the  emf.  and 
current  are  ah'eady  known  from  previous  anal)rsis  of  the  curves, 
it  is  evidently  a  very  simple  matter  to  write  down  the  equations 
of  these  component  emfs  and  cturents,  and  these  may  be  used 
to  derive  the  equations  of  the  component  power  curves  as  will 
be  shown  below.  If,  however,  the  form  of  the  curves  given  in 
these  equations  is  of  interest,  it  i^  necessary  to  plot  these  equa- 
tions, which  is  a  laborious  undertaking.  In  case  the  harmonics 
are  mostly  all  small,  or  n^ligible,  the  matter  is  simplified,  since 
the  hamumic  waves  may  be  drawn  accurately  enough  without 
calculation.  For  this  the  zero  points  and  the  positions  of  the 
maxima  and  minima  are  plotted  and  the  rest  of  the  curves  drawn 
in  free  hand.  The  resultant  curve  of  these  harmonic  waves  may 
then  be  determined  graphically,  and  its  ordinates  show  the  devia- 
tion of  the  actual  curve  from  the  simple  sine  wave  of  the  funda- 
mental. The  latter  may  be  plotted  carefully,  and  corrected  by 
means  61  the  curve  of  deviations,  to  obtain  a  sufficiently  accu- 
rate representation  of  the  actual  curve. 

%.  DBUVATION  or  THB  BQUATIONS  Of  COMPOHSNT  POWIR  CURVBS 

The  equations  for  e^i  and  e,i  are  found  by  multiplying  the 
expressions  (29)  by  the  equation  (28)  for  i.  In  the  case  dl  the 
component  e^i  there  will  also  be,  in  addition  to  the  series  of  cxx^ 
stant  terms  which  express  the  average  powa-  (see  equation  (16)), 
a  series  (rf  terms  of  the  form  P  sin  (mpt—im)  .  sin  (npt—S^^ 
which  may  be  resolved  by  the  relation  2  sin  (mpt-'Sm)  sin  {npt—itd 
-cos  [(m-n)f4-(S^-i^)]-  cos[(m+n)f4-(im'^i^)l  and  finally 
all  the  terms  involving  each  frequency  are  to  be  collected  into  a 
single  term  involving  the  sine  of  the  same  frequency,  by  means  of 
equations  given  already. 
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For  the  component  e  ,t  we  have  terms  of  the  form  Q  sin  {mpi  -  Bm) 
cos  {npt  -  ib) ,  which  may  be  resolved  by  the  relation  2  sin  (mpt  -  im) 
cos  (npt-i^)^sin[(m-hn)pt-{B^  +  i^)]-sm[{m-n)pt-(im-S»)l 
and  then  all  the  terms  of  the  same  frequency  may  be  collected 
by  means  of  the  following  transformation  equations : 

Ml  sin  (2npt  -  a^)  +  M,  sin  (2npt  -  «,)  +  M,  sin  (anpt  -  «t)  /    v 

+   .  .  .=Arsin  (2npt-y)  ^^U 

where 

Ar*  =  [M,   sin  a, +M2sin  a^+M^  sin  ofaH-   .  .  .  f 

+ [Ml  cos  «,  +  M ,  cos  nr,  +  M3  cos  «3  +   .  .  .  P  (32) 

Ml  sin  flfi  +Ma  sin  a^  +  M^  sin  flr,  +   .  .  . 
'^ "" Ml  cos  flfi  +M,  cos  a,  ^-M,  cos  a,  +  .  .  . 

The  problem  of  finding  the  equations  of  the  curves  for  ei^  and 
et2  presents  nothing  essentially  different  from  the  foregoing 
considerations. 

The  details  of  these  calculations  will  be  clearer  from  a  con- 
sideration of  Examples  13a  and  i$b,  in  which  are  illustrated  all 
the  steps  involved  in  the  calculation  of  the  equations  of  the  curves 
of  the  power  components: 

The  amount  of  labor  necessary  for  the  calculations  rapidly 
increases  with  the  ntunber  of  harmonics  present  in  the  waves 
of  emf  and  cturent,  and  if  it  were  not  for  the  amount  of  work 
necessary  to  calculate  ordinates  from  the  curves  of  the  emf.  or 
current  components,  it  would  be  easier  to  actually  carry  through 
the  analysis  of  the  curves  from  a  set  of  calculated  ordinates  as 
is  done  in  Example  1 2  to  obtain  the  equation  of  the  total  power 
curve. 

VI.  EXAMPLES  ILLUSTRATING  THE  PRECEDING  SECTION 

BXAMPLB  9.  CALCULATION  OF  THE  AVERAGE  VALUES  OF  CURRENT 

AND  EMF.  WAVES,  FORMULA  14 

To  illustrate  the  formulas,  we  will  consider  the  waves  of  emf. 
and  current  shown  in  Fig.  3,  curves  A  and  B.  The  details  of 
the  calculation  of  the  average  values  are  shown  in  Table  12.  In 
the  first  column  is  given  the  order  of  the  harmonic;  in  the  second, 
the  corresponding  amplitudes  found  by  analysis ;  in  the  third,  the 
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values  of  the  phase  angles  ^«,  as  derived  by  anal3rsis  (Example  3). 
Prom  these  are  calculated  the  values  of  (i^«— 'f^i)»  and  m  column 

TABLE  12 

Calcalttion  of  the  Average  Values  of  Current  and  EtecUomolive  Force 

Waves 


ELECTROMOnVE  FORCE 


En 

^ 

^-^ 

#• 

Cm  0m 

Em 

n 

1 

33^7 

r.6 

0 

0 

LOOOO 

33.217 

33.217 

3 

0.970 

2.1 

0*5 

1*5 

0.9997 

0.323 

0J23 

S 

1.702 

41.7 

40.1 

200.5 

-0.9307 

-0JI9 

7 

0.21t 

38J 

30.7 

250.9 

-0.2367 

0.031 

-0.007 

9 

0.3S5 

2.2 

0.0 

5.4 

0J950 

0.039 

OjOSI 

11 

0J05 

19.3 

17.7 

194.7 

-0.9673 

0.019 

-OJIO 

13 

1.2S1 

3.3 

2.2 

20.0 

0J700 

OMi 

0.0M 

IS 

1.523 

15.7 

14.1 

211.5 

—0.0526 

0.102 

-04r 

17 

0.1S9 

3.0 

1.4 

23J 

0.9150 

0.069 

M66 

33.6n 

33.340X?-«f./tf 

itmL 

8- 

-    .431 

Av 

•• 
Hig*?ahMt 

33J40 

CURRENT 


/» 

^ 

^-^ 

H 

Cmf. 

U 

ft 

P^ 

29.027 

66*.9 

0 

0 

13000 

29327 

»327 

3.066 

27.0 

-39.1 

-1173 

-0.4500 

1309 

-03n 

0.459 

26.2 

-40.7 

—2033 

-03171 

0392 

—  03M 

OJll 

153 

-51.6 

-301.2 

03990 

ftffi}ff 

0331 

0.155 

11.6 

-553 

-497.7 

-0.7396 

0317 

-  0313 

11 

0.163 

15.4 

-5M 

-5663 

-03949 

0.015 

-0314 

13 

0.214 

9.9 

-57.0 

-7413 

0.9336 

0316 

0315 

U 

0.100 

15.3 

-513 

-7743 

03870 

0313 

1308 

17 

0.052 

10.1 

-403 

-829.6 

—03355 

fl^OT3 

-0301 

9 

29300 

20.97( 

-    .704 

ATtfic*  vahi«  il  cumal. 


28.976 


5  the  values  of  Ai — nC-^^  — -^J .     Columns  6  and  7  give  cos  fin 

E  E 

and  —,  and  m  the  last  column  appear  the  products  —  cos  fin* 
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The  sum  of  these  latter,  multiplied  by  -,  gives  the  average  ordi- 
nate of  the  emf  wave  as  21.16. 

The  second  half  of  the  table  relates  to  the  current  wave,  and 
the  preceding  explanation  will  make  this  clear.  The  average 
ordinate  of  the  current  was  found  to  be  18.45. 

As  a  check  on  these  calculations  the  average  values  were  also 
determined  by  actually  measuring  and  summing  the  ordinates  of 
each  dot  (phase  difference  of  2®)  for  half  a  cycle,  taking  as  the 
origin  the  point  where  the  curve  crosses  the  axis.  The  values 
fotmd  were  21.29  for  the  emf  and  18.60  for  the  current.  The 
differences  between  these  values  and  those  found  from  the  results 
of  analysis  of  the  cm-ves  are  probably  to  be  explained  by  the 
fact  that  only  one-half  of  the  wave  was  measured,  while  the 
analyses  rest  upon  the  average  ordinates  of  a  whole  wave. 

Similar  calculations  were  made  for  the  condenser  current  and 
emf.  (cm-ves  B  and  A,  Fig.  5) ,  which  have  already  been  analyzed 
in  Example  7.  The  condenser  current  is  so  irregular,  crossing 
the  axis  so  often,  that  one  has  to  depend  on  the  analysis  to  tell 
where  the  origin  of  phase  should  be  taken  to  agree  with  our 
definition  op  page  608.  The  results  of  the  two  methods  are  given 
below. 


21.34 
Avenfteiurait 13.88  13.56 

The  labor  of  measuring  all  these  ordinates  and  taking  their  stun 
is,  of  course,  vastly  greater  than  that  of  calculating  the  average 
value  from  the  results  of  the  curve  anal3rsis. 

BXAMPLB  10.  CALCULATION  OP  THE  SFFBCTIVB  VALUES  OF  £MF.  AND 

CURRENT,  FORMULA  15 

The  same  ctirves  were  treated  as  in  the  preceding  example. 
Details  of  the  calculation  are  given  in  Table  13. 
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TABLE  13 

Calctilation  of  the  Effective  Values  of  Cunent  and  Electromotive  Force 

Waves 


TiiiirtiiMir  Cirorit 

C-a-^rOK-l. 

B 

■. 

■•> 

U 

!•> 

s. 

■•> 

u 

W 

1 

33^17 

1.103.36 

29.627 

S77.76 

35.01 

1.225.70 

IIM 

szLsr 

3 

0.970 

.94 

3.366 

14.95 

0.99 

0.98 

2.28 

5.20 

S 

1.702 

230 

0.459 

OJl 

1.90 

3.61 

7.22 

52J3 

7 

0.21a 

.05 

0.211 

0.04 

1.93 

3.72 

11.48 

131.79 

9 

04SS 

.13 

0.155 

oua 

0U)9 

OUIl 

1.51 

2JS 

11 

OJ05 

UM 

0.163 

0U» 

0.45 

0.20 

7.17 

S1.41 

U 

1.2S1 

IJ6 

0.214 

0U»5 

0.18 

OM 

0.28 

OM 

15 

l.S2i 

2.34 

0.183 

OUM 

HM 

00)1 

OJS 

0.72 

17 

0.159 

M 

MSZ 

0.00 

0.03 

0.00 

0.66 

0.44 

Stt 

mUll^ 

8i 

101393.10 

Svm  1.234.26 

Sam  765.72 

Svm-i-2-   555.M 

Svm-i- 2- 446.55 

8i»li-2-    617.13 

8«mi-2- 382.86 

: 

UtodtftfahM      t8J7 

f/./3 

HH 

t9M 

VahM 

1   tnoid   trta 

umIwobmh 

m       98.70 

ttJU 

UJU 

IMS? 

In  the  first  coltimn  is  given  the  order  of  the  harmonic,  in  the 
second  the  amplitudes  of  the  various  harmonics^  as  found  by 
the  analysis  (Examples  3  and  7),  and  in  the  third  column  the 
squares  of  the  amplitudes.  Half  the  sum  of  the  squares  gives 
the  square  of  the  effective  value. 

As  a  check  on  these  calculations,  the  effective  values  were  also 
calculated  by  averaging  the  squares  of  the  ordinates,  already 
measured  for  calculating  the  average  values  in  the  previous 
example.  The  results  thus  found  are  also  given  in  the  table, 
and  it  will  be  seen  that  the  agreement  is  satisfactory  when  it  is 
considered  that  ordinates  were  measured  for  only  one-half  wave. 
In  the  case  of  the  condenser  current  the  changes  of  the  current 
are  so  abrupt  that  the  measured  ordinates  are  apparently  not 
close  enough  together  to  give  a  very  accurate  value. 

For  completeness  the  form  factors  of  these  curves  are  appended, 
as  fotmd  both  by  calculation  from  the  results  of  the  analyses  and 
as  obtained  from  the  measured  ordinates. 
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MaChod 

TfiiwilDfmf 

CondenMr 

Bmf 

Cumnt 

Bmf 

Cittnot 

Analytlf 

1.114 
1.113 

1.145 
1.1425 

1.137 
1.137 

1.409 

1.999 

BZAMPLB  11.  CALCULATION  OF  THE  AVERAGE  POWER,  POWER  FACTOR, 
AND  EFFECTIVE  PHASE  DIFFERENCE,  FORMULA  16 

The  same  curves  are  considered  here  as  in  the  preceding  exam- 
ples. In  the  first  colmnn  of  Table  14  is  given  the  order  of  the 
harmonics.  The  second  and  third  colmnns  contain  the  ampli- 
tudes of  the  harmonics  of  the  emf,  and  current,  respectively, 
curves  A  and  B,  Pig.  3,  while  in  the  fourth  and  fifth  appear  the 
corresponding  phase  angles  On  and  Ki  found  by  analjrsis.  In 
column  6  are  tihe  calculated  values  of  (iw— ^s),  and  in  column  7 

TABLE  14 

Calculation  of  tiie  Average  Power  from  tiie  Results  ^f  the  Anal3fses  of 

Current  and  Emf .  Waves 


n 

s. 

I» 

9% 

in 

9n-9n 

tm{9n-9n) 

BO. 

Pradodt 

1 

33J17 

29.827 

• 
1.6 

• 
66.9 

• 
65.3 

0.4179 

984.12 

41L24 

3 

0.970 

3.866 

6.3 

83.5 

77.2 

0.2215 

3.75 

OJS 

5 

1.702 

0.459 

208.8 

131.0 

-  77.8 

0.2113 

0.78 

0.17 
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0.05 
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9 
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20.1 
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11 
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160.7 
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04» 

0.02 
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49.3 

129.1 

79.8 

0.1771 

0.27 

0.05 

IS 
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229.1 
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0.9936 

0.29 

0.29 

17 
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412.56 
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Am 
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the  cosines  of  these  angles.  The  eighth  and  ninth  columns  give 
the  products  of  the  ampUtudes  and  the  power  En  In  cos  {K — fti) . 
The  Sinn  of  these  latter  values,  divided  by  2,  is  the  average  power. 
The  power  factor  is  given  by  the  quotient  of  this  calculated  value 
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of  the  average  power  by  the  intxluct  of  the  effective  values  of 
current  and  emf.  found  in  the  preceding  example.  The  value 
found  is  0.4142,  which  corresponds  to  an  effective  phase  differ- 
ence of  65^.5,  a  value  not  very  different  from  the  phase  difference 
of  65^.3  existing  between  the  fundamentals  of  cturent  and  emf. 

The  average  power  calculated  directly  from  the  measured  ordi- 
nates  of  the  emf  and  current  waves  is  212.7,  which  gives  a  power 
factor  of  0.4223^  corresponding  to  an  effective  phase  difference 
of  es'^x). 

Similar  calculations  were  also  made  for  the  case  of  the  con- 
denser circuit  considered  in  the  preceding  examples.  As  calcu- 
lated from  the  equations  of  the  curves  of  emf  and  current  (see 
Example  7)  the  average  power  is  89.37,  indicating  a  powa-  factor 
of  0.1839  and  an  effective  phase  difference  of  79^4. 

The  scale  of  the  emf  curve,  Pig.  5,  was  20  divisions  1-  82  volts, 
while  for  the  current  20  divisions— 0.71  ampere.  The  calculated 
values  of  the  effective  emf  and  current,  expressed  in  divisions  in 
Table  13,  were,  respectively,  101.7  volts  and  0.637  ampere. 
The  average  power  is  therefore  89.37  X  0.0355  X  4.1  or  13.03  watts, 

which  corresponds  to  an  effective  resistance  of  >     '    x,  or  27.0 

ohms.  This  includes  the  equivalent  resistance  which  rq>reseDts 
the  absorption  of  the  condenser,  as  well  as  the  actual  resistance 
in  series  with  the  condenser.    The  capacity  was  about  9  mf . 

By  direct  calculation  from  the  ordinates  of  the  emf  and  cur- 
rent curves  the  average  power  comes  out  as  79.571  which  cor- 
responds to  a  power  factor  of  0.1688 -cos  80^3.  Reducing  to 
watts  we  have  11.58  watts,  which  indicates  an  effective  resist- 
ance of  25.6  ohms. 

The  difference  between  the  results  by  the  two  methods  of  cal- 
culation was  explained  when,  on  closer  examination  of  the  curves, 
it  was  noticed  that  the  corresponding  points  of  the  current  and 
emf.  curves,  used  in  the  analyses,  do  not  have  exactly  the  same 
phase,  but  were  given  a  displacement  in  the  drawing  of  the  curve 
of  about  0.4  the  phase  difference  of  successive  points,  or  o^8  in 
phase,  and  in  such  a  direction  as  to  make  the  phase  difference 
found  by  analysis  (on  the  assumption  that  corresponding  ordi- 
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nates  have  exactly  the  same  phase)  come  out  too  small.  Apply- 
ing this  correction  the  difference  between  the  results  by  the  two 
methods  almost  disappears.  Attention  is  thus  called  to  a  sotu-ce 
of  error  which  must  be  guarded  against  if  the  results  of  the  analy- 
ses are  to  be  applied  to  the  calculation  of  power  factor. 

EZAMPLB  12.  DERIVATION  Of  THE  EQUATION  OF  A  POWER  CURVE 

In  this  example  will  be  treated  the  derivation  of  the  curve  of 
instantaneous  power  for  the  femf  and  current  curves,  Pig.  3, 
already  investigated  in  the  previous  examples.  These  are  the 
curves  of  the  magnetizing  current  in  a  transformer,  at  such  a  fre- 
quency that  the  magnetic  induction  was  about  double  the  normal 
value,  together  with  the  impressed  emf  causing  this  current  to 
flow. 

The  problem  will  here  be  treated  by  two  methods,  (a)  calcula- 
tion from  the  r^ults  of  the  analysis  of  the  emf  and  current 
waves,  and  (6)  direct  analysis,  using  as  fundamental  ordinates 
the  products  of  the  ordinates  used  in  the  analysis  of  the  waves 
of  emf  and  current. 

(a)  First  Method. — The  author's  experience  has  led  to  the 
arrangement  of  the  calculation  exemplified  in  Table  15. 

Columns  2  to  5  give  the  amplitudes  and  phase  angles  found  in 
the  analyses  (Example  3)  and  the  remainder  of  the  first  part  of 
the  table  contains  the  separate  products  of  the  harmonic  ampli- 
tudes of  the  current  and  emf,  taken  two  at  a  time;  thus  the 
product  of  the  ninth  harmonic  of  the  emf  by  the  eleventh  har- 
monic of  the  current  appears  in  the  column  headed  E^  and  in 
the  row  in  which  appears  ii.  It  will  be  noticed  that  a  good 
many  of  these  products  are,  relatively,  n^ligibly  small,  except  in 
such  cases  as  very  high  precision  is  desired.  The  labor  of  cal- 
culation may,  therefore,  in  a  good  many  cases  be  materially 
lessened  by  the  omission  of  those  torms  which  are  of  small 
importance. 

In  the  second  part  of  the  table  is  illustrated  the  calculation  of 
the  amplitude  and  phase  of  one  of  the  harmonics  of  the  power 
curve — ^that  harmonic  which  has  a  frequency  of  sixteen  times 
the  frequency  of  the  fundamental  of  the  current  and  emf. 
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In  the  third  column  are  given  those  products  £«/»,  given  in  the 
first  part  of  the  table,  for  which  the  sum  of  the  orders  m  and  n 
of  the  harmonics  is  equal  to  the  orda-  of  the  desired  harmonic; 
in  this  case  i6.  In  the  fourth  column  is  given  the  sum  of  the 
phase  angles,  i^  suid  B^  of  the  current  and  emf  harmonics,  for 

TABLE  IS 

Details  of  the  Calculation  of  the  Equation  of  a  Power  Curve  from  the 
Results  of  the  Analysis  of  tiie  Emf.  and  Current  Curves 


Em 

In 

9m 

66*9 

B 

Si 

Si 

B« 

Sr 

B« 

Su 

Bu 

Bu 

B0 

33^17 

29.627 

1*6 

964.12 

26.74 

50.43 

6.46 

10.51 

€J07 

SIM 

45.27 

4.71 

0J70 

SJM 

64 

63.5 

128.42 

3.75 

6.56 

034 

1J7 

0.79 

4M 

5.91 

0.61 

L702 

(US9 

aoM 

13U> 

15^ 

0.45 

0.78 

0.10 

0.16 

0.09 

OM 

0.70 

Ol07 

(Ult 

%aii 

26S.1 

107a 

7U)1 

0.20 

0J6 

OM 

OM 

04M 

OM 

0.32 

003 

OISS 

(U55 

20.1 

104.6 

S.1S 

0.15 

0J6 

OM 

0.06 

0.0S 

049 

0.24 

0UI2 

11 

OJ05 

am 

2ii.a 

160.7 

S.41 

046 

0J6 

(UH 

0.07 

OM 

OJO 

0J5 

0.06 

u 

lOSl 

«J14 

49.3 

129.1 

7.11 

(kZl 

0J6 

0.05 

OM 

OUM 

0.27 

0.33 

OM 

IS 

1.S3I 

0.1M 

235.6 

229.1 

6.24 

0.16 

0.32 

0.04 

OM 

0.04 

0.24 

0.29 

OM 

17 

0.1S9 

ojoa 

S1.1 

306.0 

1.73 

04)5 

0.09 

Ml 

0.02 

0.01 

0.06 

OM 

ojai 

CALCULATION  OF  TERM  IN  16  pt. 


M-S.I. 

PlMMASftoa 

riB« 

Mtia« 

MeM« 

^H 

B 

Ott  a 

«ii+A» 

±(H'9m) 

15 

-  6J4 

230*7 

-0.7736 

-0.6334 

4.63 

3.96 

17 

1.73 

306*4 

-•OJ049 

0.5934 

-  1.40 

L03 

13 

-  o.n 

135.4 

0.7022 

-0.71JO 

-0.15 

-oas 

11 

-  OJO 

376.5 

0J173 

a9463 

-0.09 

-0J7 

-0.03 

372.7 

0.2196 

0.9755 

-00)1 

-0.03 

^OM 

127J 

0.7965 

-0.6046 

-OM 

0.0S 

11 

-OM 

342J 

-0.2940 

0.9553 

OM 

-0.09 

13 

-  4  J3 

132J 

0.7337 

-0.6794 

-3JW 

3J8 

15 

-45J7 

302.5 

-0J434 

0.5373 

36.16 

-24.32 

17 

4.71 

-  15.6 

-0J723 

0.9622 

-  IM 

4.52 

-V 

SUBfl 

36.51 
>-38.88 

-12UI2 

36.51H-12.02i 

tea} 

12.02 
36.51 

r-181 

tiiose  cases  in  which  the  sum  of  the  orders  of  the  harmonics  of 
emf  and  current  is  to  be  taken.  Similarly,  the  fifth  column  con- 
tains the  values  of  the  differences  of  the  phase  angles  of  the 
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harmonics  of  the  current  and  emf  corresponding  to  those  cases 
where  the  di£ferences  of  the  indices  m  and  n  is  equal  to  16. 
Prom  the  formula 

2  sm  {mpt-ej  sin  (npt-i^)  -cos  [(n-m)/>^ -(«„-«„)] 

-cos[(n+m)/>/-(8»+0] 

we  see  that  the  products  £«/,»,  taken  from  the  first  part  of  the 
table,  are  to  be  given  the  positive  or  n^ative  sign,  according  as 
the  di£ference  of  n  and  m  has  to  be  taken  to  get  16,  or  the  sum. 
Thus,  in  the  first  term  (n+m)  -15  +  1,  and  the  n^^tive  sign  is 
^ven  to  the  product  £1/15—6.24;  in  the  second  term  (n— tif) 
«i7  — I  and  the  product  £17,7  —  1.73  is  to  be  given  the  positive 
sign.  With  r^ard  to  the  phases,  we  take  the  sum  (Sw+O 
when  (tn+n)  — 16,  and  if  (n— tif)- 16  the  phase  is  (iw"-^»);  if 
(m— 11)  — 16,  then  (0m  — K)  is  to  be  taken,  hence  the  heading  of 
the  fifth  column  is  given  the  double  sign,  with  the  understanding 
that  the  sign  is  to  be  taken  as  positive  or  n^;ative  according  as 
nis  greater  or  less^m. 

In  the  sixth  and  seventh  columns  are  given  the  sines  and 
cosines  of  the  phase  angle,  as  just  defined,  and  in  the  eighth  and 
ninth  columns  the  product  of  these  functions  with  the  correspond- 
ing values  of  £«/«.  The  derivation  of  the  resultant  amplitude 
of  the  harmonic  from  these  quantities  Af  sin  dr  and  M  cos  a  is 
clearly  indicated  in  the  table,  and  is  in  accordance  with  equation 
(17a).    The  term  in  i6pt  as  thus  found  is  38.4  sin  (i6pt^iS^2). 

Proceeding  in  this  manner  for  each  harmonic,  the  complete 
equation,  including  terms  in  18^/,  is 

2P-2ei- 41 2.56 +873.9  sin  (2/>/- 157^6)  +132.3  sin  (4pt- 148^.3) 
+38.5  sin  (6/>^-2^.6)  +0.9  sin  (8/><- 155^2) 
+  13.7  sin  (lopt- 155^.0) 

+30.1  sin  (12^/ -271^9)  +43.7  sin  (14^^-141^2) 
+38.4  sin  (i6/>/-i8^2)  +3.26  sin  (i8/>/-67^i) 

The  data  in  the  Table  15  su£Sces  to  allow  the  equation  to  be 
extended  to  include  terms  in  34^^.  It  is  evident,  however,  from 
an  inspection  of  the  minuteness  of  the  products  EJ[^,  which  would 
be  tised  in  calculating  these  higha-  terms,  that  all  terms  above 
that  in  i8pt  must  be  practically  n^ligible. 
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{b)  Second  Method — ^Detenninattoa  of  fhe  Bquation  of  flie 
Power  Curve  by  Direct  Analysis. — ^Por  this  purpose,  the  i»od- 
ucts  were  taken  of  the  fundamental  ordinates  of  the  emf .  cwrvt, 
used  in  the  analysis,  by  the  corresponding  ordinates  which  formed 
the  basis  of  the  anal)rsis  of  the  cturent  curve.  For  convenience 
in  plotting,  these  products  were  divided  by  20  and  were  then 
used  as  fundamental  ordinates  in  an  anal3rsis  according  to  Schedule 
3  in  Appendix  B.  This  schedule  is  for  the  anal3rsis  of  a  curve  in 
which  even  harmonics  and  a  constant  term  are  included.  Since 
18  fundamental  ordinates  are  required,  the  analjrsis  gives,  in  addi- 
tion to  the  constant  term,  the  harmonics  up  to  and  including 
the  cosine  term  oi  nine  times  the  frequency  of  the  fundamental 
The  term  in  the  sine  of  nine  times  the  frequency  of  the  fundamental 
requires  that  a  second  set  of  ordinates  l3dng  halfway  between 
those  of  the  first  set  be  measured,  but  the  amplitude  and  phase 
oi  this  term  follow  then  immediately  without  further  calculation. 

The  products  of  the  emf .  and  current  ordina)^,  used  in  this  analy. 
sis,  are  spaced  10^  apart  in  terms  of  the  phase  of  the  fundamental 
frequency  of  the  emf  and  current,  but  since  the  fundamental  of 
the  power  curve  has  twice  the  frequency  of  the  fundamental  of 
emf.  and  current,  these  18  ordinates  extend  over  the  complete 
cycle  of  the  power  curve,  and,  therefore,  fulfill  the  required  con- 
(Utions  of  the  above  scheme  of  analysis. 

The  detailed  analysis  of  this  power  curve  appears  in  Table  16 
and  illustrates  the  use  of  the  Schedule  3,  Appendix  B.  The  work 
di£fers  oaly  in  minor  particulars  from  that  in  the  case  of  the 
analysis  of  emf.  and  current  curves  in  the  Examples  i,  2,  and  3. 

The  equation  found  by  analysis  is  compared  in  Table  17  with 
that  found  by  the  first  method  of  calculation,  the  amplitudes  in 
this  case  having  been  divided  by  20  to  reduce  to  the  same  scale 
as  that  used  in  the  analysis.  The  first  column  gives  the  frequency 
of  the  harmonic  in  terms  of  that  of  the  fundamental  of  the  emf. 
and  current  waves.  The  second  and  fourth  columns  give  the 
amplitudes  and  phases  found  by  the  first  method,  the  third  and 
fifth  the  same  quantities  as  given  by  the  analysis. 

The  two  curves  are  practically  the  same,  as  they  should  be, 
since  they  depend  on  the  same  data,  namely,  the  results  of  the 
analysis  of  the  emf.  and  current  curves,. or,  what  is  the  same 
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thing,  on  the  oidinates  on  which  those  analjrses  rest.  Their  good 
agreement  is  therefore  to  be  regarded  merely  as  a  check  on  the 
two  methods  and  the  results  of  calculation. 

EXAMPLE  13.  ILLUSTRATING  THE  RESOLUTION  OF  A  POWER  CURVE 

INTO  COMPONENTS 

In  this  example  the  power  curve  considered  in  the  preceding 
example  (corresponding  to  the  emf  and  current  curves  of  Fig.  3) 
will  be  resolved  into  two  components.    Both  systems  of  resolution, 

TABLE  17 

Comparison  of  Equations  of  Power  Curves  found  by  Analysis  and  by 

Calculation 
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A 
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L125 

L058 

ia2 
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2.4 
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L6 

treated  on  pages  614  and  615,  will  be  employed,  (a)  that  in  which 
the  emf.  is  resolved  into  two  components,  one  in  phase  with  the 
current,  and  the  other  90®  ahead  of  it,  and  (6)  that  in  which  the 
current  is  resolved  into  components,  one  along  the  emf  vector 
and  the  other  90®  behind  it.  The  difference  in  the  ph3rsical  sig- 
nificance of  these  two  methods  has  been  already  discussed 
(pp.  615  to  617). 

The  methods  of  calculation,  outlined  above  (pp.  618  and  619) ,  are 
illustrated  in  Tables  18  to  23,  and  should  be  understood  more 
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clearly  after  an  examination  of  the  method  of  calculation  of  the 
power  curve,  given  in  the  example  above. 

TABLE  18 

Derivation  of  die  Two  Components  of  the  Power  Curve.    Resolution  ot 

die  Emf  Curve  and  the  Current  Curve 


OrSw 

(*•-«■) 

•to 

(*•-•») 

B'a 

Wm 

Im 

Vm 

Vm 

1 

• 
•IS 

•L9095 

a  4179 

33.217 

13.9^0 

SOL  179 

29l(27 

U3S0 

-26.91i 

3 

77.2 

.9751 

.2215 

a979 

a  215 

a94« 

ISM 

OlSM 

-3.770 

5 

-  77.S 

-  .9n4 

.2113 

L702 

.330 

-L663 

0L499 

.mm 

a443 

7 

-ltt.0 

-.S2S« 

-  .9455 

•L21S 

-  .2W 

-.0710 

.211 

-.200 

•  •ON 

9 

•IS 

.9954 

.09S9 

4355 

.03t0 

.353 

.155 

.0149 

-    .154 

11 

-  4IL1 

-  .CTM 

.7490 

•L295 

.154 

-  .137 

.1C3 

.m 

.109 

IS 

79L9 

.9942 

.1771 

L251 

.221 

L231 

.214 

.0879 

-    .210 

15 

-    45 

-  .1132 

.9936 

L52^ 

L5U 

-  .178 

.m 

.187 

.002 

17 

2549 

-  .974© 

-  .2250 

a  159 

-  .0358 

-  .155 

.052 

-  .0117 

.0S17 

We  have  first  to  find  the  components  of  the  cturent  and  emf. 
jtist  referred  to.  This  is  carried  out  in  Table  18.  This  table  con- 
tains in  the  first  column  the  order  of  the  harmonics,  in  the  second 
the  phase  differences  {im — 6m)  between  the  corresponding  har- 
monics of  current  and  emf  (the  phase  difference  is  taken  positive 
for  a  lagging  current)  and  in  the  third  and  fourth  columns  the 
sines  and  cosines  of  these  angles.  The  next  columns  give  the 
harmonics  Em  of  the  emf  wave  as  found  by  analysis,  and  the 
components  £'»  and  E''*,  respectively,  in  phase  with  the  cur- 
rent and  90^  ahead  of  it.  Similarly,  in  column  8  are  given  the 
harmonk  amplitudes  of  the  cturent,  and  in  columns  9  and  10 
the  components  Fn  and  /''«,  respectively,  in  phase  with  the  emf. 
and  90^  behind  it. 

(a)  By  resolution  of  the  emf  curve. — ^The  components  of  emf 
just  fotmd  are  used  in  Tables  19  and  20  to  compute  the  equations 
c^  the  power  component  curves  e^i  and  e^h  according  to  the 
methods  sketched  on  pages  618  and  619.  In  the  first  section  c^ 
Table  19,  which  treats  of  the  calctilation  of  the  ctu-ve  e^t,  the 
products  £'m/||  are  shown.  Thus,  £Vis"'0.o8  is  fotmd  in  the 
coltunn  headed  by  /|„  and  in  the  row  corresponding  to  harmonics 
of  order  5. 
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TABLE  19 
Calculation  of  Equation  of  Curve  of  Power  Component  e,i 

CReMlatkHi  ol  Bmf  Curve) 


Or- 
der 

U 

£'• 

in 

Ii 

It 

U 

It 

It 

lu 

lu 

III 

Il7 

1 

29.627 

1^880 

6699 

411.24 

53.66 

6.38 

2.93 

2.15 

2.26 

2.97 

2.61 

a  72 

3 

3.866 

a  215 

83w5 

6.37 

a83 

0.10 

.045 

.03 

.035 

.046 

.04 

.01 

5 

a459 

.360 

13L0 

ia65 

1.39 

.165 

.08 

.056 

.06 

.08 

.07 

.02 

7 

.211 

-.206 

107.1 

-6.10 

-a  80 

-.095 

-.04 

-.03 

-.034 

-.04 

-.04 

-.01 

9 

.155 

.0360 

104.6 

1.06 

a  14 

.016 

.01 

.01 

.01 

.01 

.01 

.00 

11 

.163 

.154 

169.7 

4.57 

.595 

.07 

.03 

.02 

.025 

.03 

.03 

.01 

13 

.214 

.221 

129.1 

6.55 

.85 

.10 

.05 

.03 

.035 

.05 

.04 

.01 

15 

.188 

L518 

229.1 

45.03 

5.87 

.70 

.32 

.24 

.25 

.325 

.26 

.08 

17 

.052 

-.0358 

308.0 

-L06 

-.14 

-.02 

-.01 

-.01 

-.01 

-.01 

-.01 

.00 

CALCULATION  OF  TERM  IN  \2pt 


n 

m 

B'mI, 

{dn-^-dm) 

±(A»-a») 

AmfU- 
tndetM 

Phase 

a 

ilna 

ooea 

Milna 

Mcoea 

1 

11 

-4.57 

23696 

-6.83 

236.6 

-.8348 

-.5505 

5.70 

a76 

1 

13 

6.55 

62.2 

9.52 

62.2 

.8846 

.4664 

a43 

4.44 

3 

-a  14 

18a  1 

-a  17 

18a  1 

-.1409 

-.9900 

a02 

a  17 

3 

15 

5.87 

145.6 

5.91 

145.6 

.5650 

-.8251 

a34 

-4.87 

5 

a095 

23ai 

a  015 

23ai 

-.8490 

-.5284 

-a  01 

-a  01 

5 

17 

-a  02 
-a  08 
-a  03 

-2.26 
2.97 

ao4 

23ai 

18a  1 

236.6 

177.0 

62.2 
145.6 

aoo 

177.0 

.0523 

-.9985 
Somt— 

7 
9 

17.48 

3.49 

11 
13 
15 

L7.48M-3.4! 
L49 

r.48 

P^JT'Ss 

17 

ao2 

177.0 

r-j^.7 

In  the  second  part  of  the  table  is  shown,  in  detail,  the  calcula- 
tion of  the  term  in  i2pt.  Here  those  products  E^fJ^  enter,  for 
which  (w  +n)  =  12  (in  which  case  the  product  is  given  the  negative 
sign),  and  those  for  which  (w— n)  =  i2,  or  (n— t«)=i2,  the  sign 
being  positive  in  both  the  latter  cases.  With  regard  to  the  phase, 
we  have  as  rules,  that  for  {m  +n)  =12  the  phase  is  (S*  +  8«) ;  for 
(w— n)  — 12  or  (n— w)  =»  12,  the  phase  is  ±(8«— ^,the  sign  being 
taken  positive  or  negative  according  as  m  is  greater  or  less  than  n. 
(These  rules  are  exactly  the  same  as  in  the  calculation  of  the 
power  curve.) 

The  rest  of  the  calculation  is,  however,  simpler  than  in  the 
case  of  the  power  curve,  since  here  the  terms  group  themselves 
in  pairs,  for  which  the  phase  difference  is  the  same.  The  ampli- 
89420**— 13- 
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TABLE  20 

Calculation  of  the  Equation  of  the  Curve  of  the  Wattless  Component  e,i 

of  the  Power  Curve 


(BMitallHi  ol  th« 


Or. 

dM 

I. 

«■' 

66*9 

Ii 

u 

I» 

If 

It 

In 

lu 

III 

itf 

1 

2a«27 

3ai7t 

394.  Ot 

11467 

11  ts 

437 

46t 

492S 

4465 

1675 

LS7 

8 

1366 

a94t 

•SlS 

21  Ot 

166 

a43 

ato 

ais 

ai5 

420 

ait 

ats 

S 

a4S9 

-L663 

13L0 

-4127 

-442$ 

-a  76 

-a3S 

-a  26 

-a  27 

-a  355 

-a  31 

-a  09 

7 

a  211 

-a  0710 

107.1 

-2.11 

-127 

-a  03 

-a  01s 

-a  01 

-a  01 

-a  01 

-a  01 

-att 

9 

aiss 

a3S3 

1016 

1146 

L36 

a  16 

ao7 

aoss 

ao6 

ao7s 

ao7 

att 

U 

aii3 

-a  137 

1617 

-406 

-a  58 

-a  06 

-a  03 

-a  02 

-a  02 

-a  03 

-a  03 

-ati 

13 

a  214 

1.231 

129.1 

3432 

476 

as6 

a26 

a  19 

a20 

a26 

a23 

ats 

IS 

aitt 

-a  178 

2211 

-IISS 

-a  67 

-a  06 

-ao3S 

-a  03 

-a  03 

-a  04 

-a  03 

-a  01 

17 

a052 

aiss 

3010 

-4StS 

-a  60 

-a  07 

-a  03 

-a  02s 

-ao2S 

-a  03 

-a  OS 

-an 

CALCULATION  OF  TERM  IN  Upt 


a 

8.1. 

(*-+#.) 

±(Sm-im) 

tadMM 

^. 

•ta« 

C-. 

Mtta« 

MCM« 

11 

-  406 

23696 

1365 

2346 

-13343 

-.5S05 

-  172 

-48 

1 

11 

4925 

tt 

-21355 

62.2 

.tt46 

•  4664 

-2441 

-1192 

13 

-3432 

62?2 

LSI 

1311 

-  .1409 

—.9900 

-  421 

-L49 

13 

4465 

// 

ats 

1416 

.5650 

-.3251 

a48 

-ait 

-^ 

L36 

Itll 

-  att 

2311 

-  .9490 

*■"•  9iW 

a32 

a2o 

415 

ff 

-  ao2 

177.0 

.0523 

.9985 

at! 

15 

15 

a67 
ait 

-  ao3 

-  ass 
ao7 

2311 

1416 
177.0 

-2454 

-1437 

17 

H-Vi 

i454H-142 

1454 

1437 

»7«-5/./« 

17 

-  ao9 

// 

r-«Sf4 

CHECK  ON  RESOLUTION  OF  POWER  CURVE  TERM  IN  12pt 


c-,-. 

AmillladM 
"'Si 

P^. 

•ta« 

C-. 

Mitaia 

MCM« 

I^fWd^Bftll 

17.33 
31.18 

34t?7 
2314 

-11999 
-a  3517 

attot 

-a  5340 

-  149 
-2454 

17.43 
-1437 

-3109 

-LU 

Wm 


R-3ai2 
r- 271*9 


R-VSIOSH-  LU>-316i 

^_        -3103 
••'^       LU 
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tudes  M  thus  grouped,  together  with  their  phases  or,  are  given 
in  columns  6  and  7.  The  sines  and  cosines  of  a  follow,  and  the 
products  M  sin  a  and  M  cos  ce.  The  method  of  derivation  of 
the  amplitude  N  and  the  phase  7  from  these  products  is  evident 
from  the  table. 

Table  20  treats  of  the  calculation  of  the  equation  of  the  curve 
of  e^i.  The  first  part  of  the  table  shows  the  calculation  of  the 
products  EJ'I^y  the  system  of  arrangement  being  the  same  as 
in  the  preceding  tables.  Then  follows  the  detailed  calculation  of 
a  single  term,  that  in  1 2pt.    Referring  to  the  equation 

2  sin  {npt-h^  cos  \mpt-h^  =-sin  [(w+n)/>^-(8,»H-^] 

+sin[(n-w)/>^-(«,i-8«)] 
it  is  evident  that  those  products  for  which  (wH-n)  =12  enter 
without  change  of  sign,  as  well  as  those  for  which  (n— w)  —12, 
while  those  for  which  {m  — n)  —12  are  to  be  taken  with  the  reversed 
sign.  With  r^ard  to  the  phase,  it  is  (Sm+fin)  for  (w+n)  -12, 
(8i»-"0  for  (n— w)  — 12,  and  (8«  — fin)  for  (w— n)—i2. 

Here,  as  in  the  preceding  case,  the  terms  group  themselves  in 
pairs  which  have  the  same  phase.  The  calculation  of  the  result- 
ant amplitude  N  and  the  resultant  phase  7  is  given  in  detail  in 
the  table. 

In  the  last  part  of  Table  20  is  given  a  check  on  the  derivation 
of  the  term  in  1 2pt  for  the  curves  e^i  and  e,i.  The  sum  of  these 
two  terms  should  equal  the  term  in  i2pt  in  the  equation  of  total 
power  (Example  12).  This  condition  is  closely  realized  by  the 
values  calculated  in  Tables  19  and  20,  as  is  here  shown,  the  sum 
being  30.05  sin  (12/)^  — 272?!)  while  the  value  calculated  for  the 
curve  of  total  power  in  Example  12  is  30.12  sin  (i2/>^  — 27i?9). 
This  check  is  of  great  value,  although,  in  case  it  is  not  realized 
in  any  given  case,  it  gives  no  indication  as  to  which  of  the  curves 
e^i  and  e^i  is  in  error. 

(6)  By  resolution  of  the  Current— Curves  ei^  and  ei^ — ^The 
method  of  calculation  for  this  case  is  illustrated  in  Tables  21  and 
22.  These  tables  bear  a  close  resemblance  to  Tables  19  and  20, 
respectively,  and  will  be  clear  from  what  has  been  said  regard- 
ing the  arrangement  of  the  latter.  Here,  as  in  the  preceding 
case,  the  calculation  has  been  carried  through  for  the  term  in 
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i2pt  and  at  the  end  of  Table  22  is  given  a  check  on  the  OHTect- 
ness  c^  the  terms  found  in  the  curves  of  ei^  and  et,. 

TABLE  21 

Calculation  of  the  Equation  of  the  Curve  ei|.  Power  Component  Resolving 

the  Current 


Or- 

- 

U' 

0m 

Bi 

B« 

B» 

Br 

B« 

Bii 

Bu 

B» 

Bu 

31217 

12.380 

• 
L6 

411.23 

12.01 

2L07 

2.70 

4.40 

2.54 

15.49 

1492 

L97 

atTO 

a8S6 

43 

24  43 

483 

L46 

419 

430 

4175 

L07 

L31 

413S 

L702 

0.0072 

2048 

423 

4005 

4165 

402 

4035 

402 

412 

415 

4015 

0L218 

-41200 

2641 

>464 

-4195 

-434 

-404 

-407 

-404 

-425 

-4  31 

-403 

0.955 

a  0149 

241 

450 

401 

4025 

400 

401 

400 

402 

402 

400 

u 

aao5 

am 

21L8 

4.02 

412 

4205 

403 

404 

4025 

415 

4185 

402 

IS 

L251 

a0379 

443 

L26 

404 

4065 

401 

401 

401 

405 

406 

401 

15 

1.52i 

ai«7 

235.6 

4215 

418 

432 

404 

407 

404 

423 

429 

409 

17 

ai59 

-a  0117 

51.1 

-4  39 

-401 

-402 

-400 

-400 

-400 

-4015 

-4  02 

-400 

CALCULATION  OF  TERM  IN  I2pt 


- 

n 

BiU.' 

(•»+#») 

±(0m'-0mi 

A—ylt- 

tadMM 

«--.. 

■Ina 

oMa 

Mttaa 

MMta 

1 

11 

-  4.02 

• 
2144 

-  456 

• 
2144 

-.5505 

-.8348 

461 

S.47 

u 

1 

-  2.54 

// 

• 

1475 

47.7 

.7996 

.6790 

12.39 

1L27 

1 

13 

L26 

47.7 

-  431 

244 

.4446 

.8957 

-414 

-  421 

18 

1 

15.49 

tf 

L49 

2243 

—.7581 

-.6521 

-  L13 

-  497 

8 

9 

-  401 

244 

432 

4749 

.8918 

-.4524 

429 

-  414 

9 

3 

15 

-430 
418 

// 

2243 

-i)t005 

-157.7 

—.3795 

-.9252 

8 

15.02 

15.35 

U 
5 

7 

3 

7 
5 

L31 

434 

-  402 

4749 

ft 

1 

I-Vl5.02H-15.3S>-! 

"■'^    is.  02 

\Ulfi 

5 

17 

17 
5 

-402 
4015 

-157.7 

r-51^3 

For  comparison,  the  equations  of  the  four  curves  corresponding 
to  the  resolution  of  the  power  curve  according  to  these  two 
methods  are  presented  in  Table  23. 

It  will  be  noticed  that  the  two  methods  lead  to  quite  different 
curves.  The  latter  part  of  the  table  contains  the  checks  on  the 
curves;  that  is,  it  gives  an  idea  of  how  closely  the  sums  of  the 
two  components  in  each  case  approaches  the  value  of  the  power 
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TABLE  22 

Calculation  of  the  Equation  of  the  Curve  ei,.  Wattless  Component 

Resolving  Current 


Or- 

dM 

s. 

I»" 

&m 

Bi 

B. 

B» 

Br 

B» 

Bii 

Bi« 

Bu 

Bit 

1 

33.217 

-26.916 

L6 

-894.06 

-26.11 

-45.81 

-5.87 

-9.56 

-5.52 

-33.68 

-41.13 

-4.285 

3 

a970 

-  1770 

&3 

-125.23 

-  3.655 

-  &415 

-a  82 

-L3t 

-a  77 

-  4.72 

-  5.77 

-a  60 

5 

L702 

a448 

ao&8 

14.82 

a435 

a76 

aio 

a  16 

ao9 

a56 

a685 

ao7 

7 

a  218 

a0688 

268.1 

2.28 

ao7 

ai2 

aoi5 

a025 

aoi5 

a065 

aios 

aoi 

9 

a3S5 

-  ai54 

aoLi 

-    5.12 

-  ai5 

-a26 

-a  03 

-a  055 

-a  03 

-ai9 

-  a23S 

-a  025 

11 

a205 

a  109 

21L8 

3.62 

ai05 

ai85 

ao2 

ao4 

ao2 

a  14 

a  17 

ao2 

13 

L2S1 

-  a  210 

49.3 

-    6.975 

-  a20 

-  a36 

-a  05 

—0.075 

-a  04 

-a  26 

-  a32 

-0.03 

15 

L528 

a  0212 

235.6 

aTo 

a  02 

ao4 

aoo 

aoi 

aoo 

a025 

ao3 

aoo 

17 

a  159 

a  0517 

51.1 

L72 

ao5 

ao9 

a  01 

ao2 

0.01 

a065 

ao6 

aoi 

CALCULATION  OF  TERM  IN  12pt 


m 

n 

BiU.'' 

(A»+#») 

±(ft»-^ 

AmpU- 
tadMM 

«-.. 

•tea 

oMa 

Mtiiia 

Mcota 

1 

11 

3.62 

• 

213.4 

-  L90 

• 
213.4 

-a  5505 

-a  8348 

L05 

LS9 

11 

1 

-  5.52 

// 

• 

-26^705 

47.7 

.7396 

.6730 

-19.75 

-17.97 

1 

13 

1975 

47.7 

-  L49 

36.4 

.4446 

.8957 

-  a66 

-L34 

13 

-33.68 

// 

-5.79 

229.3 

-.7581 

-  .6521 

4.39 

3.78 

3 

-  ai5 

2&4 

a22 

476.9 

.8913 

-  .4524 

a20 

-  aio 

9 
3 

15 

15 

17 

-  L34 

-  ao2 

-5.77 
a  12 

a  10 

-  ao9 

// 

229.3 
-157.7 

-ao2 

-157.7 

-  .3795 

-  .9252 

aoi 

ao2 

4719 

-14.76 

-14.02 

5 

7 
5 

] 

Br-Vl4.76»+14.02>-i 

-14.76 
'"'^-14.02 

10.SS 

17 

ao7 

ff 

f^U89S 

CHECK  ON  RESOLUTION  OF  POWER  CURVE  TERM  IN  12pt 


2L48 
2a  33 


814.3 
226.5 


fi-3ai2 

r*  27199 


•a  7157 
-a  7254 


a6984 
-a  6884 


-15.35 

-14.76 


-30.11 
H- VSTllN-  TW^dO.  it 

^_   -3aii 


15.02 
-14.02 


LOO 


636 


Bulletin  of  the  Bureau  of  Standards 


tv«i.p 


curve*  The  agreement  shown  m  the  tabk  is  to  be  r^;arded  as 
satisfactory,  considering  the  number  c^  significant  figures  retained 
in  the  calculations. 

It  is  of  interest  to  compare  these  equations  with  those  found 
by  analysis  of  the  curves  C  and  D  of  Fig.  3.  These  were  deter- 
mined experimentally,  as  described  in  the  introduction,  the  power 
attachment  of  the  curve  tracer  having  been  set  successively  to 
the  ordinates  of  the  curves  i^  and  i^  (determined  by  resolving 
the  anal}rzed  current  wave),  while  the  emf  of  the  dyuBxao  was 
balanced  on  the  curve  tracer  solenoid*  These  curves  give,  there- 
fore, the  instantaneous  values  of  ei^  and  e^,  respectively. 

TABLE  23 

Comparison  of  Equations  of  Components  of  Power  Curve  both  Resohriog 

the  Emf  and  the  Current 


■ 

1 

■ 

ChMks 

•« 

•a+M 

•ii+«h 

POWttvaiw 

1 

J 

1 

1 

i 

i 

1 

i 

1 

1 

I 

1 

I 

J 

1 

2 
4 
6 

8 
10 
U 
14 
16 
18 

44L7 

619 

1110 

4.07 

7.76 

17.83 

4110 

4106 

168 

• 

23L0 
2S13 

2818 

3511 

3410 

3417 

615 

316 

814 

8S18 

16L9 
3176 

4.79 
2L61 
3L18 
5147 
1191 

139 

• 

1211 
127.3 
213 
167.8 
157.5 
2214 
188.3 
229.2 
19L6 

37105 
6168 
2132 

130 
1103 
2L48 
4L47 
2122 

136 

• 

912 

1011 
307.2 
254.8 
1114 
314.3 
1412 
328L5 
415 

78123 
9156 

3119 
164 
142 

2133 
154 

38.41 
193 

• 

1818 

1714 

414 

811 

1914 

226*5 

1114 

512 

69.4 

8714 

1314 

8143 

175 

14.08 

8105 

4157 

8145 

134 

• 

157.6 

1413 

18 

1514 
15L6 
2711 
14L0 
17.8 
617 

874.0 
1315 
3152 

182 
14.17 
3112 
4170 
3149 

116 

• 

157.6 

1414 

19 

157.8 

15L2 

27L9 

14L5 

113 

67.3 

8719 

1313 

3146 

188 

1113 

3112 

4166 

3138 

136 

• 

157.6 

1413 

16 

1513 

1SL4 

27L9 

14L3 

113 

67.1 

The  experimental  curves  were  analyzed  by  Schedule  3,  Appen- 
dix B,  and  the  results  obtained  will  be  found  in  Table  17  sdong 
with  the  calculated  values  given  in  Table  23,  the  amplitudes  of 
the  latter  having  been  reduced  by  a  factor  so  as  to  agree  with 
the  scale  of  the  curves.  The  calculated  values  are  indicated  by 
the  letter  C,  those  found  by  analysis  by  the  letter  A.  The  phases 
are  all  reduced  to  the  scale  of  the  fundamental  of  the  emf.  and 
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current  waves.    The  agreement  of  the  curves  found  by  the  two 
methods  is  probably  as  good  as  could  be  expected. 

No  claim  is  made  to  anything  approachmg  completeness  in  the 
Ust  of  applications  here  considered.  Others  will,  no  doubt,  occur 
to  readers  engaged  in  this  kind  of  work,  and  modifications  of 
the  procedure  may  have  to  be  made  to  fit  special  cases.  How- 
ever, the  author  hopes  that  the  treatment  here  given  will  not 
only  be  of  material  service  in  lightening  the  labor  of  ordinary 
routine  calculations,  but  may  be  broad  enough  to  cover  the  gen- 
eral methods  which  must  be  followed  in  attacking  special  problems. 

VIL  SUMMARY 

1.  The  equations  of  Fourier  for  the  resolution  of  a  periodic 
curve  into  a  series  of  component  sine  curves,  although  furnish- 
ing a  complete  solution  of  the  problem,  su£fer  tmder  the  disad- 
vantage that,  in  making  numerical  calculations,  a  large  number 
of  products  have  to  be  formed.  Consequently,  other  less  satis- 
factory methods  have  been  employed  to  shorten  the  calcula- 
tion. By  grouping  similar  terms,  Rtmge  has  so  simplified  the 
use  of  the  Fourier  equations  as  to  greatly  reduce  the  labor  of 
calculation.  The  object  of  this  paper  is  to  stimulate  a  more  gen- 
eral employment  of  Rtmge's  method  by  the  systematic  arrange- 
ment of  the  calculations  and  the  use  of  multiplication  tables  such 
as  to  render  inconsiderable  the  time  and  labor  necessary  for  the 
precise  analysis  of  alternating  current  curves. 

2.  The  derivation  of  Fourier's  equations  for  the  case  of  a  finite 
number  of  odd  harmonics  is  sketched  briefly,  using  the  treatment 
in  Byerly's  "Fourier's  Series  and  Spherical  Harmonics,"  and 
this  is  followed  by  a  development  of  the  simplifications  intro- 
duced by  Runge. 

3.  The  arrangement  of  the  calculation  is  given  in  detail  for 
three  special  cases,  namely,  for  6,  12,  and  18  measured  ordinates 
per  half  cycle,  together  with  check  equations  which  facilitate 
the  location  of  numerical  errors.  The  considerations  which  deter- 
mine the  choice  of  the  proper  schedule  of  analysis  in  any  given 
case  are  treated  at  some  length. 
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4.  The  complete  calculation  of  the  amplitude  and  phases  of  the 
component  waves  of  experimentally  determined  alternating  cur- 
rent ctun^res  is  carried  through,  using  each  of  the  three  schemes  of 
analysis.  Further  examples  are  given  in  connection  with  what 
has  been  previously  enunciated  with  respect  to  the  choice  <A 
schedule  and  to  illustrate  the  acctuacy  c^  the  results. 

5.  The  latter  part  of  the  paper  is  devoted  to  the  consideration 
of  a  few  practical  applications,  such  as  the  calculation  of  average 
and  effective  values,  average  power,  and  equations  of  power 
curves,  together  with  a  full  illustration  of  the  principles  involved 
in  numerical  examples. 

6.  In  an  appendix  are  given  multiplication  tables,  from  which 
may  be  taken  the  products  which  have  to  be  formed  in  the  use 
of  the  three  analysis  schedules.  Further  analy^  schedules  are 
added  for  curves  in  which  even  harmonics  are  present,  which 
schedules  may  therefore  be  used  for  the  analysis  of  power  curves. 

Washington,  May  15,  1913, 
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APPBIfDIS  A 


TABLE  1 


Multiplication  Table  for  Use  with  the  Six-Point  and  Eighteen-Point 

Analysis  Schedules 


tin  10* 

■11120* 

■11130* 

■11140* 

■In  50* 

■In  60* 

■In  70* 

■In  80* 

1 

a  1736 

a  3420 

a5000 

a  6428 

a7660 

a8660 

a9397 

19848 

2 

a  3473 

a6840 

LOOO 

1.2855 

1.532 

1.732 

1.879 

L970 

3 

a  5209 

1.026 

1.500 

L928 

2.898 

2.598 

2.819 

2.954 

4 

a6946 

1.368 

2.000 

2.571 

a064 

a464 

a759 

1939 

S 

a8682 

L710 

2.500 

3.214 

a830 

4.330 

4.6985 

4.924 

6 

L042 

2.052 

aooo 

a857 

4.596 

ai96 

1638 

5909 

7 

1.2155 

2.394 

asoo 

4.4995 

5.362 

a062 

1578 

1894 

8 

L389 

2  736 

4.000 

5.142 

a  128 

a928 

7.518 

7.878 

9 

1.563 

3.078 

4.500 

5.785 

a894 

7.794 

1457 

1863 

10 

1.7365 

3.420 

5.000 

6.428 

7.660 

a660 

9.397 

9.848 

11 

L910 

3.762 

5.500 

7.0705 

a4265 

9.526 

ia337 

11833 

12 

2.064 

4.104 

6.000 

7.713 

9.1925 

ia392 

11.276 

11.818 

13 

2.2575 

4.446 

6.500 

a356 

9.9585 

11.258 

12.216 

12.802 

14 

2.431 

4.788 

7.000 

a999 

ia7245 

12.124 

11156 

11787 

15 

2.605 

5.130 

7.500 

9.642 

11.491 

12.990 

14.0955 

14.772 

16 

2.778 

5.472 

aooo 

ia2845 

12.257 

13.856 

11035 

11757 

17 

2.952 

5.814 

a5oo 

ia927 

13.023 

14.722 

11975 

11742 

18 

3.126 

ai56 

9.000 

1L570 

13.789 

15.588 

11915 

17.726 

19 

3w299 

6.496 

9.500 

12.213 

14.555 

ia454 

17.854 

11711 

20 

3.473 

a8405 

laooo 

12.856 

15.321 

17.320 

11794 

19.696 

21 

3.647 

7.1825 

ia5oo 

13.496 

ia087 

iai865 

19.734 

21681 

22 

3.820 

7.5245 

ILOOO 

14.141 

ia853 

19.0525 

2a  673 

2L666 

23 

3.994 

7.8665 

1L500 

14.784 

17.619 

19.9185 

2L613 

22.650 

24 

4.168 

a2085 

12.000 

15.427 

ia385 

2a  7845 

22.553 

21635 

2S 

4.341 

a5S05 

12.500 

16.0605 

19.151 

2L6505 

214925 

24.620 

26 

4.515 

a  8925 

laooo 

16.712 

19.917 

22.5165 

24.432 

21605 

27 

4.6885 

9.2345 

ia5oo 

17.355 

2a  683 

2a  3825 

21372 

21590 

28 

4.862 

9.5765 

14.000 

17.990 

2L449 

24.2485 

21312 

27.574 

29 

5.036 

9.9185 

14.500 

ia641 

22.215 

25.1145 

27.251 

21559 

30 

5.2095 

ia027 

15.000 

19.283 

22.981 

25.981 

21191 

29.544 

31 

5.383 

ia608 

15.500 

19.926 

2a  757 

26.847 

29.131 

31529 

32 

5.557 

ia945 

16.000 

•2a  569 

24.513 

27.713 

31070 

3L514 

33 

5.7305 

1L287 

16.500 

2L212 

25.279 

2a  579 

3L010 

32.496 

at 

5.904 

1L629 

17.000 

2L8545 

26.045 

29.445 

3L950 

31483 

35 

6.078 

1L971 

17.500 

22.497 

26.811 

3a  311 

32.8895 

34.468 

36 

&251 

12.313 

laooo 

23.140 

27.577 

3L177 

31829 

31453 

37 

6.425 

12.655 

ia5oo 

23.783 

2a  3435 

32.043 

34.769 

31438 

38 

6.599 

12.997 

19.000 

24.426 

29.1095 

32.909 

31709 

37.422 

39 

6.772 

13.339 

19.500 

25.068 

29.8755 

3X775 

31648 

31407 

40 

6.946 

13.681 

20.000 

25.711 

3a  642 

34.641 

37.588 

39.392 

41 

7.120 

14.023 

20.500 

26.354 

31.408 

31507 

31528 

41 3n 

42 

7.293 

14.365 

2L000 

26.997 

32.174 

3a  373 

39.467 

41.362 

43 

7.467 

14.707 

21.500 

27.6395 

32.940 

37.239 

41407 

42.346 

44 

7.641 

15.049 

22.000 

2a  282 

33.706 

3a  105 

41.347 

41331 

45 

7.814 

15.391 

22.500 

2a  925 

34.473 

3a  971 

42.2865 

44.316 

46 

7.968 

15.733 

23.000 

29.568 

31238 

39.837 

41226 

41301 

47 

a  1615 

16.075 

23.500 

3a  211 

36.004 

4a  703 

44.166 

41286 

48 

a335 

16.417 

24.000 

3a  8535 

3a  770 

41.569 

41106 

47.270 

49 

aso9 

16.759 

24.500 

3L496 

37.536 

42.435 

41045 

41255 

50 

16825 

17.101 

25.000 

32.139 

3a  302 

4X301 

41985 

41240 

639 
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itallO* 

•to  20* 

•to  80* 

ital40* 

iteSO* 

•to  60* 

•to  70* 

ita90* 

SI 

&9S6 

17.4a 

21590 

11792 

81069 

41167 

47.925 

51225 

S2 

9.090 

17.795 

21090 

114245 

89L994 

41083 

41964 

5L210 

St 

9.2995 

11127 

21999 

91997 

41699 

41999 

41964 

51194 

54 

9.in 

11469 

27.699 

91710 

4L866 

41765 

51744 

SI  179 

SS 

11551 

11911 

27.590 

HIS! 

41182 

47.631 

5L6995 

51164 

56 

11724 

19.159 

91069 

11996 

41999 

41497 

51629 

SS.149 

57 

9.999 

U.495 

21590 

916n5 

41964 

41969 

51969 

91194 

SI 

ia072 

u.9n 

29.699 

97.291 

41480 

51229 

51969 

57.111 

59 

ia245 

20.190 

29.590 

97.994 

41196 

5L095 

51442 

51108 

M 

1A419 

291521 

91699 

91567 

41962 

5L961 

51392 

51069 

a 

ia999 

20.969 

91590 

91210 

417295 

91927 

57.922 

61078 

i2 

ia7i6 

2L205 

8L000 

»l952 

47.4945 

51993 

51261 

6L0S1 

€9 

ia940 

2t547 

8L500 

41495 

412605 

51599 

91201 

61042 

•4 

ILIH 

2L999 

UOOO 

4L189 

410265 

51425 

61141 

CI  017 

95 

It  297 

21 231 

U500 

4L791 

41799 

51291 

6L09QS 

61 OU 

66 

1L461 

21579 

91080 

414235 

51599 

57.157 

61020 

61997 

97 

1L6945 

21915 

91900 

41066 

51.925 

51023 

61960 

61992 

69 

1L999 

21257 

91090 

41709 

51091 

51999 

61960 

61966 

69 

1L992 

21999 

91900 

41952 

51957 

91755 

61999 

67.951 

70 

U1555 

219415 

UOOO 

41995 

51629 

61621 

61779 

69.996 

71 

11929 

24.2999 

11900 

41697 

51999 

61.497 

61719 

69L921 

72 

12.999 

216255 

91000 

41290 

51155 

61953 

67.659 

71906 

79 

12.979 

219675 

91900 

41929 

519a 

612195 

69.999 

7L989 

74 

12.990 

211095 

97.090 

47.566 

51697 

610955 

6BIS89 

71975 

75 

19L024 

216915 

97.500 

412095 

57.458 

619515 

714775 

71980 

76 

11197 

219915 

91080 

41951 

51219 

619175 

71.417 

71945 

77 

11971 

219955 

91900 

41494 

51994 

616995 

71957 

719S9 

79 

11545 

216775 

29.000 

51187 

59.751 

67.5495 

71297 

71914 

79 

11719 

r.0195 

99L500 

51790 

61517 

69.420 

71236 

77.799 

90 

11992 

27.962 

41000 

5L422 

6L288 

6B1892 

71176 

71794 

91 

14.066 

r.704 

41900 

51065 

61049 

71149 

71116 

71769 

92 

14.229 

21046 

4L000 

51709 

61915 

71.014 

77.  OSS 

91754 

99 

14. 4U 

21999 

4LS00 

51951 

61591 

7LO0O 

77.995 

1L739 

94 

14.997 

21730 

41000 

519995 

61947 

71746 

71935 

11729 

95 

14.780 

29.072 

41900 

51686 

61119 

71612 

79.6745 

11701 

96 

14.994 

29.414 

41000 

51279 

61979 

71479 

81914 

11699 

97 

15.1075 

29.756 

41900 

51922 

616455 

71844 

91.754 

ttuOTl 

90 

15.291 

91099 

41000 

51565 

67.4115 

71210 

91694 

11662 

99 

15.455 

91440 

41500 

57.207 

611775 

77.076 

81633 

17.647 

90 

15.6295 

91792 

41000 

57.950 

61944 

77.942 

91573 

11632 

91 

15.902 

3L124 

41500 

51499 

6B1710 

71809 

91 5U 

89.617 

92 

15.976 

8L466 

41000 

99.186 

71476 

71674 

11452 

91602 

99 

1&1495 

81.909 

41500 

517795 

71. 2U 

91540 

87.992 

9L596 

94 

1&829 

31150 

47.000 

61421 

71009 

81.406 

91932 

91571 

95 

16.497 

31492 

47.900 

6L064 

71774 

91272 

90.2715 

915S6 

96 

1&670 

31994 

41000 

6L707 

71540 

81189 

91211 

91541 

97 

16.  tH 

81176 

41500 

61950 

71906 

94.004 

9L151 

91528 

99 

17.019 

81519 

49.000 

61992 

71072 

94.970 

91091 

91510 

99 

17.191 

81960 

41500 

61635 

71939 

01786 

91080 

97.495 

100 

17.919 

84.202 

51000 

61279 

71604 

91602 

91970 

91499 
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Multiplication  Table  for  Use  witb  the  12-Point  Analysis  Schedule 


•to  IS* 

•to  45* 

•to  75* 

•to  15* 

ital45* 

•to  75* 

1 

0L2588 

0.7071 

19659 

51 

11200 

31068 

41262 

2 

asi76 

1.414 

1.932 

52 

11459 

31770 

SI  228 

3 

a7765 

2.121 

1896 

53 

11717S 

37.477 

SL194 

4 

LOSS 

2.828 

1864 

54 

11976 

31184 

51160 

5 

L294 

15355 

4.850 

55 

14.235 

31891 

51126 

< 

LSS3 

<243 

1796 

56 

K494 

39.598 

54.092 

7 

L812 

4.950 

17615 

57 

14.753 

41305 

51058 

8 

2.071 

5.657 

7.727 

58 

11 OU 

4L0U 

51024 

9 

2.329 

1364 

1693 

59 

11270 

4L7195 

51990 

10 

2.588 

7.071 

1659 

60 

11529 

41427 

57.956 

11 

2.847 

7.778 

11625 

61 

11788 

41134 

51922 

12 

3L106 

a485 

1L591 

62 

11047 

41841 

51888 

13 

1365 

9.192 

11557 

63 

11306 

44.548 

61854 

14 

3L6235 

9.8995 

11523 

64 

115645 

41255 

61.8195 

IS 

3.882 

11607 

14.489 

65 

11823 

41962 

61785 

16 

4.141 

11.314 

11455 

66 

17.082 

41660 

63L7S1 

17 

4.400 

11021 

11421 

67 

17.341 

47.336 

64.717 

18 

4.659 

U728 

17.387 

68 

17.600 

4ioess 

61683 

19 

4.918 

11435 

11353 

69 

17.859 

41791 

61640 

20 

5.176 

14.142 

11319 

70 

11117 

41498 

67.61S 

21 

5.435 

R849 

21284S 

71 

11376 

SI  205 

68.581 

22 

s.eo4 

11556 

2L2505 

72 

11635 

S19U 

6B1547 

23 

5.953 

11263S 

21216 

73 

11894 

SL619 

71513 

24 

6.212 

11971 

21182 

74 

19.153 

51326 

71479 

2S 

6.4705 

17.678 

24.148 

75 

114115 

51  OSS 

71445 

2( 

6.729 

11385 

21114 

76 

11670 

51740 

71411 

r 

&988 

11002 

31080 

77 

11929 

54.4473 

74.377 

28 

7.247 

11799 

27.046 

78 

21188 

51155 

71342S 

29 

7.506 

21506 

21012 

79 

21447 

51862 

713085 

30 

7.765 

21.213 

21978 

80 

21706 

51569 

77.274 

31 

a023 

21.920 

29.944 

81 

21964 

57.276 

71240 

32 

a282 

216275 

31910 

82 

21.223 

57.983 

71206 

S3 

a  541 

21335 

31.876 

83 

2L482 

51690 

81172 

34 

asoo 

24.042 

31842 

84 

2L741 

91397 

8L138 

35 

9.059 

24.749 

318075 

85 

21000 

61104 

81104 

36 

9.S17S 

21456 

317735 

86 

212585 

618115 

81070 

37 

9.576 

21163 

31739 

87 

21517 

6LS19 

84.036 

38 

9.835 

21870 

31705 

88 

21776 

61226 

81002 

39 

10.094 

r.577 

37.671 

89 

21  OSS 

61 933 

81968 

40 

lasss 

21284 

31637 
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93 
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94 
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45 
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3L820 

41467 

95 

24.588 
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46 
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31527 

44.433 

96 

24.847 
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47 

12.1645 

31234 

41399 

97 

211055 

61990 

91695 

48 

12.423 

31941 

41365 

98 

21364 

61297 

94.661 

49 

12.682 

34.648 

47.331 

99 

21623 

71004 

91627 

SO 

12.941 

313555 

412965 

100 

21882 

71711 

91993 
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APPBHBSB 
AHALTan  Of  CURVX8  coitTAnmio  vrma  harmohics  ahd  a  corstaht  nsit. 

(POWXR  CURVX8)     ' 

In  this  section  is  considered  the  analysis  of  curves  which  are 
capable  of  being  represented  by  an  equation  of  the  form 

y— B.+Bj  cos/>i+B,  cos  2/><+B,  cos  j/>i+  .  .  .   -^-Bnoosnpt 
+i4i  sin /)iH-i4,  sin  2/>iH-i4,  sin  3/>^+   .  .  .   +i4»sinn/>^. 

The  fundamental  ordinates  are  supposed  to  be  2n  in  number, 
equally  spaced  over  the  whole  cycle.  (In  the  analysis  of  current 
and  electromotive  force  curves,  we  have  constantly  used  funda- 
mental ordinates  equally  spaced  over  the  half  cycle.) 

What  follows  has  been  arranged  with  special  reference  to  the 
analysis  of  power  curves.  These  are  represented  by  equations 
like  that  above,  the  frequency  of  the  fundamental  of  the  power 
curve  being  twice  that  of  the  ftmdamental  of  the  emf .  or  current, 
and  one  complete  cycle  corresponds  to  a  half  cycle  of  the  emf.  or 
current.  If,  therefore,  the  analysis  is  being  made  of  the  emf. 
and  current,  it  is  only  necessary  for  obtaining  the  equation  of 
the  power  curve  also,  to  take  the  products  of  the  corresponding 
fundamental  ordinates  used  for  the  analysis  of  the  current  and 
emf.  and  perform  on  these  the  operations  indicated  in  the  analy- 
sis schedules  below.  This  does  not  require  that  the  power  curve 
shall  have  been  drawn. 

The  schemes  of  analysis  for  power  curves  here  given  have  been 
selected  to  correspond  with  those  already  given  for  current  and 
emf.  curves.  Thus,  if  these  have  been  analysed  by  means  of  the 
i2-point  schedule,  Table  2,  then  the  power  curve  will  be  obtained 
using  the  1 2-point  schedtile  in  Table  2  below,  etc.  Such  an  analy- 
sis does  not  give  as  complete  an  equation  for  the  power  as  may 
be  obtained  by  taking  the  product  of  the  equations  of  emf.  and 
current  (p.  612).  For  example,  the  product  of  the  equations  of 
emf.  and  current,  obtained  by  the  use  of  the  i8-point  schedule 
will  contain  harmonics  of  34  times  the  frequency  of  the  funda- 
mental, while  the  term  of  highest  order  given  by  the  analysis  of 
the  power  curve,  Table  3  below,  has  a  frequency  only  18  times 
that  of  the  ftmdamental.     In  all  cases,  however,  except  those 
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where  the  higher  harmonics  in  the  current  and  emf .  waves  are 
abnormally  prominent,  all  terms  beyond  those  included  in  the 
analysis  will  be  negligible. 

It  may  be  shown  as  was  done  for  equation  (2)  that  the  coeflS- 
cients  in  the  above  equation  are  given  by  the  following  equations 

IT 


^»  =  ^2ymSinArw^ 


«.-£[> 


0 

^  cos  *w-  *  =  i,2,  .  .  .  (n  — i) 


n 
0 

2»-l  2JI-1 

0  0 

The  analysis  from  the  2n  ftmdamental  ordinates  does  not  allow 
of  the  determination  of  A^.  This  can,  however,  be  easily  fotmd 
by  measuring  another  set  of  ordinates  z^,  situated  half  way 
between  those  which  are  used  in  the  analysis,  and  substituting 
them  in  the  equation 


0 

The  following  schedules  for  facilitating  calculations  with  these 
equations,  for  the  cases  of  6,  12,  and  18  measured  ordinates,  re- 
spectively, follow  the  method  of  Rtmge,  as  in  the  preceding 
analysis  schedtiles  in  Tables  i,  2,  and  3,  The  same  multiplica- 
tion table  (Appendix  A)  may  be  used  as  in  those  cases.  For  an 
example  of  a  numerical  calculation,  see  example  126. 
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SCHEDULE  1 


Analysis  of  a  Curve,  Involving  Even  Hannonics  and  a  Constant  Tenn. 
from  Sqc  Ordinates 


Ta  n  ft  n 


DUm     d.    dt    4    < 


(the  warn  tt^ip—y^,  but  this  nDnKnclatiuc  is  odbcred  to  for  uniibniiity.) 

The  coefficicnti  are  tboae  {tivcn  in  the  schedule  bekiw,  the  anvngcinent  being  tlie 
Mine  as  in  the  previotu  sch^ulea — Table  i,  a,  and  3: 


^N». 

..^ 

km* 

AindA. 

BiOdB. 

B.adBi 

•1                      ■■ 

U                          A 

S.'                    8.' 

a."               8." 

B.-*"*»'" 

s,™            a.- 

The  first  equation  checks  the  sum*  of  the  fi'j.  If  it  is  lut  fulfilled,  equatioas  may 
be  used  in  which  these  sums  appear  singly.  The  same  piiocedure  Is  to  be  adopted 
with  the  differences  of  the  B't.  The  sum  and  difference  of  the  A't  occur  iinj^. 
These  checks  serve  u  a  control  on  the  values  of  S^  and  S<. 
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SCHEDULE  2 

Analysis  of  a  Curve,  Involving  Even  Harmonics  and  a  Constant  Tenn, 

from  Twelve  Ordinates 


MBASURBD  OKDINATBS 


yt  t 

1    yk   7t   7«    yi    7t 

■a   Si 

it     ■! 

dt   di 

dt    di 

m  i\»  j9  1%  n 

It    H 

■4 

d<   df 

d4 

Soma   ta   si    it   ta   Si   Ik   ■« 

Stimt  Jt    2i 

Jt    Ja 

•0    #1 

n  9t  9mm^ 

J^ttMm       d«     dl      dg      dt     d|      dft       dft 

DtftS.  At    Ai 

At    Zii 

d%   di   < 

h  atDttb. 

(riot  twins 

AiandA« 

A«andA4 

At 

■In  30* 
■In  60* 
■In  90* 

9\ 
€1 

^                   9% 

(#1-^) 

Sums 

So'                 S,' 

So"               S«" 

So'" 

A.-*'r' 

.      So"+So" 
At-       g 

So"' 
^*"   6 

A.-V' 

So"-S«" 
^*"        6  - 

cosfaMttmis 

BiandBft 

BitadB« 

B« 

BtandBft 

■In  30* 
■In  60* 
■In  90* 

At 

Ai 
At 

-Jt            Ji 

Jt           -Ja 

(At- At) 

(Jt+Jt)       (Ji+Ja) 

8ns 

Do'               D,' 

Do"          D," 

Do'" 

Do""            D«"" 

^     Do'+De' 
■»-        6 

*"        6 

""^    6 

] 

D,""+D«"" 
^          12 

Do'-De' 
*»           6 

®*-         6 

] 

^     Do""-D,"" 
^          12 

CHECKS 

Jt-    (Brh 
Jt-2((Bt+ 

B.)+(Bi+B»)+(Bt-* 
B.)+(Bt+B«)] 

-BO+Bt 

Ar-2I(Bi+ 

Bt)+Bt1 

Ji-4  (Bt- 

B.)+2(B,-B«) 

Ai-4  (Bi- 

Bt)sln60* 

•1-2  (Ai+ 

A»)+4A« 

ai-4(At+ 

A4)iln60* 

•t-4(A,- 

At)  ■In  60* 

at-4(Ai- 

A4)SiB60* 
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SCHEDULE  3 


Aoalyns  of  a  Curve  lavolvmg  Even  Hannonics  and  a  Constant  Term 
from  ^^tecn  Ordinates 


lannnnAnnnn 


8b-^ 

AiamlA. 

AtudA. 

AiiadAi 

A*  and  A. 

d,      di 

d.     d, 
d.     d. 

d.    dt 

-d,      d. 
di  -d, 

d,  -d. 

-d,     d. 

Ai       Ai 

d.       -d, 

-d.       d. 
di     -d. 

— 

A,-5!=5f 

D.'    D,' 

D,"    D," 

D,"'+D,"' 

D,"'-I>,"' 

CMtetana 

BindBi 

KaDdB) 

BtOdB. 

B,>adB, 

B.ndB. 

thio* 
ikSO* 
*«0' 

■■  -■> 
M  -it 

■•      1. 

-»  -i. 

-••   -fc 

-J.       Ji 
J,   -It 

•■     n 

It      M 

*•         ft 

— 

S.'    S,' 

a."  B." 

_     8."+8," 

8,'"    S,'" 

S.""    8."" 

»-^5» 

ii- 

^' 

^._ 

B.?^ 

I' 

•.-    (BrhB,)+(Bi+B^+(B,+B,)+(Br+B,)+(BWB,) 
■^   (B,-B,)-(Bi-B,)+(B.-B,)-(B.-B,)+{B,-B,) 
d.-]|(Ai+A^-<-(A.+Af)-(Ar+A.)]ria«0* 
dl- J((Ai-A.)-(A,-A,)+(A4-At)l  Ifal  «• 


uqisc 
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